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Background of the Invention 



15 The present invention relates ; to recombiriant host 

- ' cells ^that comprise" :: 'a 'heterologous ; polypeptide-encoding 
^' poTynuc^ is stably integratediinto a 

: : : t:hrb^osdme- r arid- which is nunderri controls of i ;an>: endogenous 
" : pr 6mote1r>. When ~ s th e - in t egr a t ed os egment ; * comprises # f or 
20 •" •■• - ex amp re;- • r --eth"ahol-^pjroduct^±on^ -genes from an coefficient 
i - ethanbl^ — produced — liJce Zyinomonas mobilis, ^ recombinant 
; - Es cKerlchi a- col i ~ and' 'other ienterdbacterial cellsi \within 
- l the- present ^invention are -capable of: convert ing-v a wide 
range of c biomass-derived sugars ^efficiently to ethanol. 
25 v --This ^invention also relates" to mutations, .that , enhance 
production of proteins encoded 'by chromosomally- 
in€egf ated > heterologous genes which are expressed under 
the° control of an endogenous promoter, and to: methods of 
identifying such 7 mutations; ^ ■ ■.. - 
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During glycolysis, cells, convert simple sugars such 
as glucose, into pyruvic acid, with a net P"™» <^ 
ATP and NADH. In the absence of a functioning electron 
tr^i^¥ sYsiieW fb^SxidativS^b^lto^lation, at least 
5 iP^fe^ P^ays 
which regenerate NAD + , an obligate reo.ire.ent for 
2m»S& r '¥mW*&° a^dPW^rSd^Sioif^- The waste 

of fermentation products which are s P ecxf^-for each 
« > a g&£ ^'-t'-^te^^Sg^a^ie 3 / ' and ' J . G . Holt, 

ethanol, butanol, ^-butah^r. • Xndeed, the 
diversity of fermentation products from bacteria has led 
to their ^^W-^'^"^ in taX ° n0,Hy * Krie9 
20 and. Holt [1984] / -supra. :u - • - : ™™Y 
, , .End^^ductso^of -^ f^entatipn ; .^are , several 

' . ^ fundamental features, ^-^^^^^^ 
. „the-conditioh S ,in,whichnthey are. initi a Wy, .produced but 
. : ^^r^oxic . uponp.accumulationw They 0/r are more 
„• deduced, than pyruvate becaus^*beir, i^ediat^; 

. haV e - served, as , terminal electron acceptors,- durxng 
glycolysis. ^ The microbial production of these 
Lrmentation product^fP^^.basis.for^tradxUcna 
and .most economically^ successful applications of 
30 . biotechnology , and" includes- dairy products, -eats, 
beveraaes , and fuels . • 

, Mostfuel ethanol is currently produced from hexose 
- ^sugars in corn starch or pape syrup, utilizing, eithex 
Saccharomyces cerevisiae or, Zymomonas mollis 
35 noHlls). However, these are relatively expensive 
sources of biomass sugars and have conpetmg value as 
foods. in addition, during fermentation much of the 
heX ose is necessarily converted bacK to biomass. 
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comprising microbial cells, rather than to ethanol. For 
conventional ethanol-producing microorganisms , this 
biomass has limited commercial value at best, for 
instance, as a nutritional supplement, and therefore, 
5 represents inef f IcienVutirizatidn' of the expensive sugar 



substrate. _^ H Dua si^sd 



Starches and hexose sugars represent only, a fraction 
of the total carbohydrates in plants. . The dominant forms 
of plant carbohydrate in stems, leaves, hulls, husks, 
10 cobs, etc.', are the f structural wall polymers, cellulose 
and hemicellulose. Hydrolysis of these polymers releases 
a mixture of neutral sugars which include glucose, 
xylose, mannose, galactose, arid arabinose. No known 
organism in nature can rapidly and efficiently metabolize 
15 all of .these ^sugars^ garticularly th£ pentoses, int ? ; 
ethanol or any other single product of value. 

Escherichia coli (E. coli) and related enteric 
bacteria are the roain commercially useful microorganisms 
that are , capabl.el ,of jnetabp.lizing the r entire range of 
20 biomass-derived sugars by fermentation under anaerobic 
conditions. However, under anaerobic fermentation 

conditions, these organisms "convert sugars to a mixture 
of soluble products, including small amounts of ethanol, 
that, cannpt . be , ^eparat ed t economica lly - r See , Ingram , L . O . , 
25 -T^, Conway, D . P . Clark , G . W .= _ Sewe^ 1 , and .J.. F. Preston 
[ l?871 t Appl . Environ. Wicrqiioi v 53 : 2420--2425. Thus, 
.such enteric bacteria, ^efficiently . utilize the entire 
range . of biomass-deriyed sugars but fail to produce a 
" I product,, of . sufficient^, yield and uniformity to be 
3 0 cqpnerciall^,. valuable. ^ : ^, 

J Accordingly , there, is a need for microorganisms which 
„ combine, the efficient metabolism of the entire range of 
biomass-derived sugars,, which is exhibited by certain 
enteric bacteria, such as...?, coli, with the ability to 
3 5 produce high„ levels of a single, predominant, soluble 
fermentation ^product of commercial value, such as 
ethanol. Further, theire is a continuing need for such 
organisms that can produce microbial biomass comprising 
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.uaitio^'i deducts. ; : ibch • a; ; fc^ii«ny v Wbie 

pr ot«i„s. in s^fid^^^ *,aUty fcr^d 

recovery. , . ; - - r ~ « ^ e . >- - 

" ^Fer^ntataSn^^ » 
^urTof^cia'ic* ^^^al 9 1p^^:";Two : ^ways 
dominate in enteric bacteria such as E ' call . - lactate 

^ dxr*eW fil£5i4^Vo jAD^ The second 

pafey; invofying /pyruvate £o^te-lyase xs 
li ' coi^lxbim^y^ ^e 

-&S^»#S^ %i^o^pi^o^^ii^ A, 
Is^a^tr'il ei&y£e £ o¥^e Xerotic me^bblism of 

' coh , ' because 1 ^ ' 1Stii&c£t<mA~ ^hxs enzyme is 

-respnsibx^^ror- Mlfl^^'^I^^ fr^oh of 
pyr^a^ The E: X i6ii'^m eifdSdx&r ^y¥uvate^ formate^ ' 
lyase ftfcT g^neT^hW^^^clonla^ntf ^e%^. See 

^ Cnri^xaA^n f i; Lj; Pe%ers^[l?Si] McJ^-Gan. Genet. 

ic ge'ne isrprecedVd' by'iultipie promoters, and jLt is induced 
^o 'high levels" 1 "of expression "by ' anaerobidsis . See 
Savers, G . ,* and ATBoSfc 'fl**3r j". Bacterid!. ;170: ' 5330- 



10 



15 



26 



25 



The DNA '"used -t6 ; prSviW ethanol-^tbductiort-geries for 
a recombinant hdstTof the subject invention is° isolated, 
for example' 'from Z. mobilis. This' is a microorganism 
■- with unusual metabolic c^^actierxst^s which is commonly 
found in plant saps and"' in honey, wild-type ^. mobilis 
has long served as a natural" inoculum "for the 
30 fermentation of the Agave sap to' produce pulque , a 
Mexican alcoholic beverage, and as an inoculum for palm 
: vines." As noted above, this' organism is also used for 
fuel ethanol production and has " been reported to be 
capable of ethanol production ^ rates which ' are 
35 substantially higher than those of yeasts. " 

Although Z. mobilis is nutritionally simple and 
capable of "synthesizing amino acids, nucleotides and 
vitamins, the range of sugars metabolized by this 
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organism is very limited and normally consists of 
glucose 1 / "fructose and siicrose: Substrate level 

phosRho^lation from the fermentation of thes* sugars is 
th^Sole & so^ce 1 " of"; energy f fof Ji^Mesis and 
homeostasis: ^V^Ilis without 



a f ermentabL sSg^ eveV in rich medi^such^s ^nutrient 

broth.. . r , L . --^--^cj' £ ■ ' *" v^t..-:;^. 
" In' 'zl moMJis^ tvo en^ 
' " (?DC) r ^and^ alcohol ''dehydrogenase,^ 11 

10 (ADHlin^ar^S^ 

regenerate NAD*"." Hi^' levels of the individual proteans 
' areloundlnUe^cytiRlasB ^ z^jaobilis,, ranging from 2% 
" to 5% each 'oV the soluble protein': ' Such high levels are 
presumed, to,.. be. essential for the high L rates of NADH 

15 oxid^ion,^ ^eguired £ 0 ^:, ener ^ y 

production^ .VThe cloning and, B^encii^ o£ pdc 
and adhT genes C^pding^Pb^ and . & been 

previous; l£™ re^rted. See'" Conway ,,' T. , Y,A % Osman, J.I- 
7 Koinan^^ * 7 - 

20 Bacteric-l'. 169: . ?.49-?54; .Conway^,. T. , g.W. Sewell, Y.A. 
Osman, and L.O. Ingram. [1987] J. Bacterial :. . 169 : 2591- 
2 597; ^ Brau, B • , and H. Sahm [1986] Arch. Microbiol. 146: 
" 105-110; Brau,' " t B. 7 and H^ Sahm [19863 Arch.. Microbial . 
144 : 296-301; "Neaie,! A_.p. , R.K... %?°P es .>... R - E - H - 

25 " ' WetteiAall^ and nij. Hpogenraad [1987] Nucleic Acid. Res, 
15:'. 1753 -'^'ei; Ingram, L.0., j; and T. Conway [1988 ] Appl . 
Eirviro^Micrqbioll '^zl^l-^OA; Ingram. L-O, T. Conway, 
D.P. Clark, G.W. Sewell, and J.F. Preston [1987] Appl. 
Environ. Microbiol. 53: 2420-2425. 

30 Molecular .genetics : ..offers , the ; potential to combine 

in a single organism the pathway for anaerobic metabolism 
in pen€ose-%tilizing enteric ;i bacteria ^ such as E. coli , 
and the efficient pathway for ethanol production from an 
ethanol producer such as ; Z. mobilis. Thus, expression of 

35 the Z\ mobilis pdc gene in enteric bacteria such as E. 
call; Erwinia chrysaritheM "and Klebsiella planticola 
partially diverts the flow of pyruvate to ethanol as a 
fermentation product by using low levels of native ADH 
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•'^ • ' ^-hanol production and higher 
activity.. More effacxen^ e^hanol^ with 

: concentrations ■ ,& IO ?^ & ^&*%^mffi genes 

- recombinant *, cola^ ,harbori ^ , p i as iid. See 

* encoding PDC. and M»XX . « \f;f «f Scopes, 

r v i ■ V ^Hm'an& environmental nar °t T ,, nA > 0 J. 

«... "torthu., F.. , • Thisc recc.bin.ht ». cola 

Microbiol. 55. i» v n8«i;o^i-.^.7 "arid xylose to 
efficiently ferment glucose, .lactose, + ^ . ,. .. 

« v-i -- oli describe* aboW achieved 
- - The recombinant £- ^f^^u.. n ^ing^pl^mi^-borrie 
-..<■* .*-*V r; ^* effianol production using 
15— useful levels of , ethan <^^ : z .-^iii S V '^Further , 
- e^nol-p^ductxon^nes ^^g^^^ ^TfcoW 

initial /^^.^^^ticr^-w^^*^ ° n 

^K^^^^^^le e^gSnoUs^ were 
a multi-copy Pl«» ld :... H ° WeV th innerent instability 
20 . ^^^^^^^^ Pr^re to 
of plasmids in the - bse " . g , ±1 ^ plasmid 

-sure their retention in the host : ^ f ^ coli 

- ^compatiBilities, -^^^.^^ucti^ - genes 
expression .plasmid for « intro ^ction into 

25 P^e^he mo^ 

. -^r^: ^^^-^ - iected 

products: such as valuable proteins. 

' SuTrmary^f__tfie_I^^ 

" • ' ^-hains to recombinant host 
^ ^ ^.n ^™ tc ,, r<l tea heterologous 
cells that express ^"^^"V^T at high level,. 
g e„es encode ^ ^^AJ^. — 

^^r^"sr<££- ■» - 

recombinant cells are encodina the desired 

polypeptide (s) into 
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. cpnt^^ a 

are 

_ _ ,^nWe^ with ^a^tagen. ^nally , tr an^^ are 
tested for expression of heterologous genes, either by 
5 ; ^genetic, s§l^on,q^ scre^ %T Xn % 3 

r . , c ^clupol^ep^ide- encoded i^^^ni^ed.g^f^ent. 

3 „.. extrt»|Bl^ r; Pl:ab.le even ^n ( ^f, 0 f,^sen<^^^P^it^s that 
select .f or retention pf. increased .gene expression. Also, 

,^|the u engineered i ; hosts £ are^^je^Lrora^^ than 
' "." conventional, plasBid-fe 
15 systems because they do Jipt : ..qarrv^ ^obile^ ^ gene tip 

. ... .... v ^le»enjts ; . 0 - xz'.t, no i 'J nova a :rn-^^c 

'I'. Specifically e^empjijfied^^is^^a^ 

; , ^ bacterium : , iPi0 ^scAerichia^ ^ol4^ v o :£^ at ( is capable of 
L .efficiently co^erting, the ^ent ir^ : . :: _range x j pf biomass- 
20 ^ derived, r sugars r , ta ; , ethanol ;yQ us ing^exo^eno^s* ethano^ : 
production PJ££ ucer ' such 

. r ,as.ZyjDO#^ These., .ethanol, ..gene $ n are stably 

integrated into the chromosome of the^ recombinant host 
^ undeK the- ;cqnti;ol ^.a^^^ogfnous promoter for an E. 
25 colx r py^u vat e ; f org^f rrly^se- {pfl ) , : , gene,. s The,, chromosome, 
of this host, further- comprise^ a mutation that increases 
production, of the e^anoj^pr^dugtipiv.; proteins according 
to this invention* i.b?^}^^^ ^^^^^^^ hosts can 
^accommodate the . usua^^.., f oii expression plasmids for 
30 efficient cp-oroduction p with ..etha^l o| c other desirable, 
products,. ; such .. : as.. :: coime3;cially valuable proteins. 
Accordingly, the residual , biomass ; fro? high volume 
.fermentation of the, bacteria f of this invention to produce 
ethanol may optionally -provide .-one or more additional 
35 high-value products in great abundance. 

More particularly, one aspect of the present 
invention relates to a recombinant host cell comprising 
a chromosome comprised of (a) a heterologous DNA segment 
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10 



15 



20 



25 



.. ...... „; r:. ; rv. v. ' V ^ntrol of a promoter 'endogenous to 

""T^llTXe -Jen. encWs a -ire* 

*^;,?J°?!n? f 2* T?2 tv ? ,hb roco^ihaW hostce!! of 

increased production by ^ a«= * 
311 4" ^ ^§t^ *"c^ P a¥&' : to -prb'ductib^ of that 

r 1 - o.Ht i-w« chromosome of tne 

; : 1 fiapo-Fo^r-^a 'embodiment tne ciix^ 

r ecc^na„t hos, ccl ^ polity of 

segment that _.. en ° . °, d . . ^,i v , lltv ;-of ' Rings ' is a 
.MVantaoiously. o-onb the plurality of 9 ^ ^ 

""tf ^ — — " ^ ^"t" 
^a^&pioa^^o^^^^- — ^ 

: - ^ (a) ' providing a culture coapr 

c „ a iit coBprinin, •*> chroiosb™ «a«= J 
tLiX* enaoi^oui " to these « 

Pr6m ^ ? ' transfbrtfing host ceUs in this Culture 
with a heterologous W segment comprising^ 

(i) a- plurality of genes including a 
selectable .arKer gen*, and a ' gene^ -encoding a 
desired polypeptide, and . p „ nv 

(ii) sequences that are sufficiently 
homologous W^he-host gene and properly 
located in the " heterologous DNA segment to 
enable integration into the host gene of the 

Lalityofgenes^ 
• DNA segment' by -ans of hbmologous 

culture, or progeny thereof, that express the 
selectable marker gene at a first level; 
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(_d) . screenin^hos^cclls .selected in step (c) , 
: \. ' ; '. "'" .or J progeny; ,.therecrf, r , ' t^oWain ^st ; ceils that 
-"' prQ^uciWd^ leve1 ' 

.. ' . (V).:.. \ op^iona^ly ^ exposing ^ the. host cells 

5"""'. identified. ijl^steP^d) ,. or Jrogeny 1^ to a 

' - ' cre^ed.in^^^ then 

1 T step.^r or ^ Prp^ that 
IP 1 "... produce the .desired JPf9^\Mr z .H? her than 

, V' - V . " thV Initial'iwf^iSB ^ a .. ct ^ a or. h f vin 9 a 

mutation. m that jcaus^s. ingreased f fi ex£r>s^ipn ^ of the 
r .„ ! hetj^o.lOK^u^pN^sjyg»gn't,. u . .. f ,> a ^c ar,i- 
' : This"inpreas^^^ ; M,: an :^ n H^ ase in 

IS... . pr^d^c^nrby^the^ hps^cells^ the, desired, p^ypept^e 
. \'c£g£p£ 'ioJp^oiucijipn jP.^.de^i^ pplygeptide^by these 
1 host cells/ in, ^he, absence.: of ^jie ?u|f£| on .. ; Furthermore , 
; ^ " enhanced E e^ressi^ DNA is 

. ^//-' retained = i^ s ?> ect for 

20 . cells haying such increased . .express ion.. c . ;>;•-.= o >: 

' ^'lnl r pref er ? ed ^embodiments, .of t£e ; present invention, 
the above-described process, is further,, qualified as 

follows: .- ;1I .>::riJ'. . .^e t;.*---'-o ~ isn'Sdr. 

*' _ ^„ r{i.Ll.n- I&Il ^&^ e $?5£^3£ s J?#£ segingn^further 
25,,/'' l '' "cra^:^s a plasmid yhich riS pmprises ; a, r.eplicon,. that is 
t .te»per^twe.^sensi.tiy^ 0 foi; replication.. .. T> .. ... 

. I <ii ) In step,, (b) ,./ the, .process of . trans forming host 
cells /'also... .comprises ■ introducing . the^ heterologous DNA 
'.../. segment into, .host cells and growing. ,these host,, cells 
30 under conditions that select .fpr pells.. r that express the 
selectable" marker, gene at the f irst ^level^ The .cells are 
grown, at a temperature, that does not permit replication 
of ' the plasmid, / resulting in ., integration of the 
heterologous DNA. segment into _the. hos^ gene of the 

35 chromosome by a homologous . recombination event. 

(iii) in step (c) , the process of selecting for host 
cells further comprises growing the. hosl; cells that 
express the,. selectable marker gene at the first level 
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- under 1 conditions that : 'do ; not ^ct for cells that 
express the selectable marker^ne-" I* particular , these 
3t cetfs conditaons 
at 'a first temperatureHhaV does permit replication of 
th^as^^u^^ ^om the 

-ho^gen^of ^^ll^id^na^th^^lebtabie^arXer gene 
^a^'sec^^^^ The host 

cetts ; are the^^ conditions at 

a ^eco^^emper^^^ha^aoei^not permit replication of 
th^ P lasWia/rlsui¥inV'in host cell* that retain the gene 
-eiicdain^m deilred ^lypeptide " iri^e absence of the 
selectable 'marker^gine aW ; the plasmidV 

The basis of usin|' ;; Wnsel e c%lW ^conditions and a 
' nbnpermissive ^&$S&xS®&*&& - plas^H ^plication to 
: ob^in acb6raing to c tni S ;: aspect of : th^ invention is that 
■ integration^* the 'pi^mid repB^f <into the chromosome 
proVides a° slight Inhibit^ of growth ; rate ^ Therefore, 

s tralh r s-vh±ch^ faster 
£han th%e ietWln^ integ«ted ; ^pla^smid^ thus providing 
the basis for enrichment'of 'clones "which have deleted the 
plasmid^retiiicon W/ ; coincidentaily r ^e selectable 



io 



15 



20 



" ^ marker" gene'. 

in another preferred embodiment relating to this 
aspect of €he ^nvehtibh ! ;- f tne ; above-described process is 

25 further - qualified -iuch^ that ' U> ^irf step- (b) the 
heterologous M segment comprises a closed circular DNA 

- lacking ah ability to replicate and <ii) in step (f) the 
: process of testing host cells comprises selecting for 
host cells produced in step (d) or' step ' (e) , or progeny 

30 thereof, that express the selectable marker gene at a 
second level that is higher than ' the first level, and 
then screening these host cells that express the 
selectable marker gene at the second level for host cells 
that produce the desired protein at a level higher than 

35 the initial level. When the selectable marker gene 
confers resistance to chloramphenicol , for example , host 
cells produced in step (d) or (e) of the above process 
may express the chloramphenicol resistance gene at a 
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first : level . that cpnf ers resistance f to ft least about 20 

/process, involves' ^ther "selert^qn^for cells^ ^carrying 
mutations that cause a second, higher" Veveljof ^e^pression 
of., the^chloramphe^ ^^^^^?r^?^cl^? f ecorid le y el 

^^^w^ s^^I e i^^ ^^lik^S^ 100 

' Mg/ml q^ph^ampfeenicpl^ M^^f e ^^ n S^^ ion for 
; BUtantr c ? ll ?j .Vith^. a ~£(*&fi- A if/n^^i% S n% ±0n ° f 

chl<p^ about 

" "a recombinant host cell of this invention f can be a 
inicjobial. cel^l, . c such^ c as ofJ ai> r; . ; ^nte^q , bacterium. 
Illustrat^ J?cuoofq regard 
are s,trains r of Erwinia. .qhvysenthgjni ^ Esehfgi,qh£f* £ &pli and 

1.. ^ 9t The. heterologous,,!^ 
irt^^ted^ into^ t^^e : n^Qe I pf 0 thj^ recc^i^^^host , in 

^und^r^el cppt^pl. ; pf r a .strong, ep^oge^ou^ pr^pte^r, for 

. example^ the pyruvate r .f qrmat^-l^a?^ .(pfJ : ) £ promp^r . , s 
In..certain r eBibodiinentg. th^ heterologous DNA segment 
encodes, ,an alcohol , d^hydrqgena^ ajid. , 5 r{0 i?ypvate 
de.carbpxylase, f frpm an„ organism ^ha^ p^^^s^^igji, ^Levels 

, ; o£, ethanpl ...... ,Suqh enz ym€>£L ar e exemplified by f . an.. alcohol 

dehydrogenase. ~an<?U a .pyruvate^ ; <Je : car^^as L e .encoded by- 
genes, from Zymomqnas totalis . ... ,In ; ^pref^0. embodiment 

of the, present invention , r/ .the , .re^pmjbipant,. .h^t^gll is 
able - tp produce . ethanol, py ferment at ipn , for example , of 
glucose or, xylose ^yit^theoretiqal -Yields corresponding 

. to. .conversion, of , at least, about : 90% _,pr , . 100%, ... 
respectively,, L -of added svagar to , ethanol . In some . cases 
the- observed yields of ethanol appear to exceed. .those 
possible based on the amount of.adtkd su^ar,^ ;:; result 
reflecting co-catabolism of complex nutrients tq pyruvate 
and thus to ethanol. 

In accordance with an additional aspect of the 
present invention, a recombinant host cell as described 
above is provided that contains a chromosome comprising 



WO 92/ J 0561 PCT/t)S91 /08835 

' ' - 12 - 

a further mutation / pafrfeiculkiriy" a*' mutation iii a'fumarate 
reductase" (Ird ) " gene , that : '"ittfejsfff'd" succinate 'jSrbdiaction, 
reducing production" of acid J which can 1 inhibit"* ethanol 
production- 

5 A recombinant iffos£ 'cefl withi'h' the' pireient? ihvent ibn 

optionally may comprise a further mutation that impairs 
Vecomlii-hation- L~in!_tiie rt _c_eli7~ ; '£o\*iAak£' "the? icel^l 0 safer 
environmentally by reducirig its 'ability 1 €b interact with 
mobile genetic elements . ~ In one - embod iment > the imitation 

10 that impairs recombination ; cii>iiiiirisfel a iiiiifafeon iff a recA 

i *&2«fi oi - rR&Vl — ei~ : - ••• 1 ?>~ .. m&nid&xov- f 

gene, 

* recombinant : host cell ^of thls : invention 1 can be 

, /l produced "* ^vaVib^^^i^de^ses" u in^ c a& v di tioA r * 1J to ~ those 
1 — part l ibuia¥iy' : "-eWempriT ifedf- ^'iierer;- ^ Exem^lary^ ^Jdf 1 such 
15 processes are genet ic-engineeVin^ : meYhbds" 'fVr~- c ilisertibn 
L of ' iV a ^ ir heter6ibg6us rf, DNA' y slBcjmejiir ^'intb 0 ; - predetermined 
location on a host cell chirdmosome," ahd for " generation 
and identif ication bf mu€a't + iSnd' which' ehhaWde^ expression . 
In. particular ; 1 standard 'molecular ^geneticr analyses of a 
20 recombinant microbirajp ^strain oSr ttie^ present 'in^ention^ 
'■ ! " ;,,L viiT enable f ' one €b employ *"otfier rj 1 method's-- to make 
7 recombinant* ho^t^Hcells v which likewise n f all* "witlxin the 
° } p±Wid&h£ ' inVe'ht i oif . : fbt n example HiWledge^o^ ^tlie DNA- 
' Ji " sequence changers'" associated' With a '"part iciilar mutation 
25 "effected in ^accbfda'nbe'with^the present "invention "enables 
the ,v design/ v syhthesi^ ^ and :r insertibh into ^ ^ host 
! chroniosome of 'a ' heterologous DNA Segment " containing not 
only genes boding : ""fbi* desired proteins but ' also a 
promoter and a mutation' effecting high-level expression 
30 of the genes. Such a' genetic constructs comprising a 
heterologous DNA segment that includes an appropriate 
mutation and promoter " : with the desired 7 genes, is 
therefore another embodiment within the present 
invention • : : 
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Brief Description of the Drawings 
Figure 1 is a schematic diagram,, ; illustrating 
■covstxnctian.;_ot:: r , : an.:--lnte!&&±9K -vector (pLOI543), 
..containing a> temperature-conditional repiicon ,( P SC101; 
5 Hamiltqn , : p. M . ,, . M ,-vAldea ,. B . K. Washburn , P , Babitzke , 
and S. R. Kushner [1989] J. Bacteriol . 171: 4617-22) for 
; ■.■^S^^SSS^^T^o^^^Q^r^^^^^on^^^ (Z . mobilis 
^ and adhB genes I and a chloramphenicol resistance gene 
into a'pjfi gene of anl coli chrpmpsbime'. Abbreviation: 
10 Klenow, convert to blunt bYjilling^bases in overhang 
" ;;^ion;^usina:;^ i Klenow fragment of ' ^ poXi DNA 

polymerase I. . . . _., 

" ni Figure "2 is ' a schematic ' " diagram il lustrating 

construction of a plasmid (pLOISW) *?*.?*K fj^ rati ° n 
15 of' Z , mobilis ''pdc and adhB .genes .into a p?l. g&n& of an 
' ' ; ' ^ cpli'chr^os^ne using a yectorless , circularized DNA 
fragment 1 "Abbreviations: Klenow, convert to blunt by 
" ; ' '' v filling . basest in. £he . overhang" regi on us ing the Klenow 
' tf iagment ^of 'DNA j^y^ase : l ; *Ci±. Frag. ,. circularized 
20'" V '* Sail frajment" from pLO1510 which'.has been eluted from an 
agarose, gel and ligated to form closed circles. 
C '^^^re^p illustrates ethanol (A/ C E, r G) production 
andygrowth (B M D, F). during^ batch fermentation . A and B. 

Fermentation of X^*i9i^^'l'r'^y?^ s i •/:,P la ^ m i-~ baSed 
25 ethanoi..; production j' strain ATCC11303 (pLOI297) ; O, 
chrpmosomal ^'-int egrated n ethanol ; production strain 
lacking, an 1 Expression enhancing mutation , K02. C. and D. 
Fermentation of, 10% glucose. symbols: o, a 

chromosomal ly-integrated strain ' lacking a spontaneous 
30 expression . enhancing.^ mutation, K03 ; chromosoraally- 
integrated strain . containing, a spontaneous expression 
enhancing mutation , K04; a, K04 supplemented with 22 mM 
sodium acetate,' E. and F . Fermentation of 8% xylose. 
Symbols: K04; 4,. KOll, a further mutant of K04 , 

35 lacking fumarate reduptase activity (frd); □, K012, a 
further mutant, of KOll, carrying a recA mutation. G. 
Fermentation by KO20, a chromosomal ly-integrated strain 
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10 



15 



:.:-- i->,on ; "syibol^:--, 10% glucose' • , 
with an~ induced mutation- Symo 

8% xylo^eF : : fermentation' of 10% glucose by 

Fig^fr 4 illustrates fe^entat ^ (#) and 

KOI* vi^pH control^ ^ ; v 

•ethanol production (O). * :a ,^u- .> - 

' ^ ^ -M nn • of ^£err£dI^!nbodainents 

cell comprising a c ; .. ■ ^^iohal control of 
heteroio^usDHAj^^ tne 
a Promoter endogenous to ^ ^ J g ? -.-^ (b) a 

DNA segment encodes ^ ^ ^ expression of the 
Station; .that causes in ^increase in 

heterologous ^^T^-J^^ desired polypeptide 

production W^gF P*y^°* ^ ^ 

compared to production °* £ ^^nT^ Enhanced 

cell in ^^.^..^^e^ment ^ retained in 



such increased .^ 
:0 D efinitions: bn* Segment' contains a 

OHA segment means ^J^-:^ W Sequence in the 
sequence that is °^ fe "^ ft fro in ^ endogenous 
corresponding Position .^y. ^ which the 

pro ^ in the chr^ome^ : . ^ the 

^ heterologous ^^J^ of th e present invention 
heterologous DNA " ^ loca tion-in a host 

includes a DNA segment taKen ^^ locat ibn (under 
chromosome and inserted ^ o , - otnei : tna n the one 
control of an ^^^tgment) , as **1 as a OH* 
30 naturally associated with th nUcleoti de sequence 

segment from another ^^ ^s one or more 
of the heterologous MJ^* ^ ^ solirC e, 
structural genes and is deri or proka ryotic 

including, for example euXa y clal coding 

nular or viral genomes, or rr 
" create* * genetic 
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The heterologous segment is under the txanscriptiqnal 
control of an endogenous promoter by virtue of being 
integrated into a host cell chromosome on th'e downstream 
(5 • ) side of the promoter . As previously > the 

endogenous promoter is pref erably "a /"strong" 'promoter , in 
' tie' 1 sense.' that ^ it.'^provd^ ; . a jbigh Jevgl^ot gene 
' expression ' in relatlo^o "a^ more ..^ypical microbial 
' pronoterV such as the lactose operon (lac) promoter of E. 
coli._ Among strong prompters are those that include a 
single site f or prompter activity^, i . e . / f or binding RNA 
polymerase r and directing the, enzyme to the correct 
tr^nscriptLnaA. starr' si^ , " 7»^ n "^ os ? s ^1. c .-.^o S a lude * 
plurality of such sites.'/ Illustrative of the former 
( s ingle r si te ) . category of. strong 'promoters is the well- 
known' tryptophan ( trp\ promoter . _ The latter (multi-site ) 
category' 'is Vxemplif i^d , by "^e/prorooter . for. ^pyruvate 
f ormVte-lyase^.,Cpri ) 'gene/ homologous variants of which 
are , "found, in E. .coli and other " enteric bacteria. 
Pyruvate f orroate-lyase is normally expressed at a high 
level! "particularly under the anaerobic conditions ; which 
pertain during fermentation without forced aeration. The 
pfl /promoter in fact J includes seyen sites for promoter 
activity., as reflected / for example, . in sequence ana ly ses 
of the p£l mRNA and in/ "f ootpr inting" data indicating 
where , RNA polymerase is' bound, or 'in "primer extension- 
analyses indicating. tHe 5 ' end .of^ ^ mRNA. 

In this description, "mutation" denotes a relatively 
permanent change in hereditary , material , typically 
involving a biochemical change in the codons that make up 
genes, but, also possibly involving .a physical change in 
chromosome relations. A mutation "suitably employed 
according to "the present invention causes increased 
expression of the. heterologous DNA segment, resulting in 
enhanced production by the host cell of each polypeptide 
encoded by that segment, relative to production of each 
polypeptide by the host cell in the absence of the 
mutation. The increased expression thus achieved is 
retained in the absence of conditions that select for 
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cells having such increased expression/ Fd^ainple, in 
1 bacterial strains having mutations, according *° the 
' 'present invention, that 1 increase expression of both 
' antibiotic resistance ^ ^ ^anol-production enzy.es 
5 ' in^raled' into V "Ih^osome , . 'no' loss ; of" high-level 
■ expression Si r i„ t B «&&* genes is detectaBle-af ter as 
1 d ; *a% as' 68; population doubll^V eyen without flection 

\/ith antibiotic. 

• Transformed host" cell^ bearing a mutation according 

!(f to^ the present inveritio^W ^ detected conveniently by 
^ leans' oT the' increaiecT exp^ssidh of one or more 
polypeptides Encoded by ~ the' inserted DNA segment, 
^ according to standard genetic methodology- '/ Increased 
; expressio¥ of a^ polypeptide ma^ W determined by direct 

iS ' ' dete^io^^ 

a^ributabie'tothW^^ 

the genls^lnco^ C by i!i tne inlerted^DNS sfe-gmen^ Can be a 
sWlectabie'marker^ene; for Example, a r gene which confers 
' antibiotic resistance ^ the : nost:' In this base, -mutant 

2 0 cellk with ' increased " expression of -the antibiotic 
• resistance^ gene may f be selected conveniently using 
antibiotic concenlratibns above a first ^level that 
- - ihhibits host cells'^ Peking' ^ WtatW'tha-t 'increases 
expression of P the heterologous DtiA segment. ^ 

25 ' More particularly, it has been discovered that 
mutations suitable for use ih the present invention can 
be obtained' reliably as spontaneous mutants or by 
induction via conventional mutagenesis, followed by 
selection or by screening for cells having the desired 

30 phenotype of high-level expression of integrated genes . 

Thus, suitabie mutations in certain bacteria are found to 
arise spontaneously at a frequency on the order of 10 to 
10-* upon selection for cells having increased expression 
of an integrated chloramphenicol resistance gene, such 

35 that cell growth occurs at a concentration of antibiotic 
30 times higher than that tolerated in the absence of 
such a mutation. similarly, after treatment of certain 
bacterial cells with a mutagen, suitable mutations can be 
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obtain^.at a frequency of ^bout J .5. - ^1 -X^lir* of the 
survi^rs, Pf ^?^9^% f ^^1^^J° r i^lD having 

..express^n of .e^ about ten 

■times ".higher than \ i£, ^%^fi^SS e >jS 0 % a fa4vi: z ?? ta9enic 
..5,.. .,. treatment^., Vf . , raPta T, a Jr.eijs-jjjo uaffl-solr&q S 

„JK«*^Be s ^ t ^^ ^^JSP^S? Mention 
.... , r ac*uall^ r cause, ^e^e^g^r^^o^^^serted genes, to the 

, .CV e *C',^ a ssM in ^ s A° this 

IP .^Jnyention^, incomparable^ to p ^ w ^ h 
' 'r J ffliitiple,"cpp4ejs^of^,$;he U} f^e r £^J v Jprif&£Qi£ ^Ati-copy 
' 'p^i^V'^For^^le^^t^ial cells c carrjd^ such a 
suitable Ration ^ for 
. chloramphenicol^^ ethanoi o product ion , at 

15 levels Jh^t h &%lgWC&\?pM& s^^q^qo/ ^c 11 

. , copy^plasmd^ TEOd ; u-iv: bs.-meris \'J.i2i-o iaoi si 
; ' * ^'.aolec^lar _ Jsas^Jjas i. n ^ i 9 d ££f£?rP5 d for 

......JgHt&iofff idjentif ied,, ^as. ,described ; here.in^f or use 

20 according, to, the, present .invention.. ... Nevertheless , the 

magnitude of the increase ; ,in-^gene expression J c (pn the 
order of-, ajsout, t5p,Jf old 4 ; f or.^xample) fc ^hat is n ob^ained in 
' " " a. .. single, .screening, .o^ a Sfle i .ct L ip ! n iv ste5 : ris substantially 
.. . : : greater-, -.than . -that, . e^ec|ed ; for ■, .a, . niitat iqn^mechanism 
25. ~,anyoJving w gene j duplication. o q Jo .achieve a.^comparable 
„' '. . 4ncr eASft . in _ selectable, gene , expr e^s^pi^ .£y> means^of gene 
duplication typically requires repeated selection, steps 
with progressively , .higher ;i levels, - of sele.c.tiye ,., agent . 
Moreover, ., the .low. y (in f f act,., undetectable) s ^frequency of 
30. ; ,, reversion of n the ..present,,, mutations also,-, militates 
_ .. against -gene ^duplication as D a f basis ; for,these,nuta|ions. 
In, fact, it . is known that: mutations whiclx produce 
increased gene, expression by .means of .tandem gene 
., repetition, are typically ; .unstable ; .and cannot be. retained 
35 in the. absence of conditions, that select for cel^s having 
such increased gene, expression, in. contrast to. mutations 
of the - present invention. ; Conversely ,, : the observed 
frequency of suitable mutations arising spontaneously, 
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is 



26 



25 



36* 



35 



° according to ^present ihventibh/ irf compatible with a 

caialal'mecha^is^^^ ; 
' !,i sl UU4!ion m oi r mnltilbhh that Inharice Expression of 
- Intigmea^gel^'^lng^ selectable' : markfer genW Bay be 
performed pursuant to the present invention 'in any type 
of 'n-m^'cefi^for VKl<£ r ~p&8&&i g'etettc^Whods. are 
■ - : j&oWii . .&^#:&rlL r rcSf- We^ectifficf ^lpjM^'haVi^ itttitations 
-"ti^^e i; i&Wcibi^af s ^e^'bn'the^er of at 
f f eas% r 1 'ISout: e 10- 1 'per" ^urvi vo^"*of :>! Suta r genic !J 'treatment . 
b i&milariyf ; ^cr^hg c f of^ ! ^taT^ D n ; os^ cells -pursuant to 

: ' " p^'epar'a^on J 6f • f ^xz , fcfent " numbers "of ' clones, each 
v cbri Jr^ of '^high-level 

" ! °i^e'liSon Lo iir f:: k ^&ed !1 'integer at^r gene by"^a "method 
W^op^t^'^^e Wired 'gene 

^sSafi-'geYecti^W or s t»iif fi* suitato^-iotations 
is most easily effected with host cells which a a^ c readily 
-tt,i^alae ! W latge pities, 'as : ^ r the case of 
^prokaiy'bt'i f c (bacterial) aiid yeast cells. For- purposes of 
•this description, "such a host is denoted a "microbial 
" celiY^'and' :: th6^train.'lt^b6mprised ! is' i "microbial 

• s€ra'im *• ' ,z Under this r rubric of microbial cells/" enteric 

• bacteria like 1E £r*±ftia thrysanrhemirV Escherichia coli and 
^%i>£bs&li& J $iaJt±a6ia are particular ly fe attract ivei hosts 

because they are capable of utilizing a wide variety of 
sugars; iribluding pentoses and lactose. While microbial 
: ' ceils 1 aire preferred hosts, 
the v pr^stent invention' also contemplates the use of other 
types of cellular hosts, including fungal cells and 
eukaryotic (animal, insect and plant) cells, into which 
a heterologous DNA ; segment can be inserted under control 
of an' endogenous promoter. Thus, the host cell need only 
be amenable to' a selection or 'screening regimen for cells 
having increased expression of the integrated 
heterologous DNA, as described above, thereby to obtain 
suitable" enhahced-expression mutants . 

Embodiment relating to ethanologenic E. ' colli An 
illustrative application of the present invention 
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involves the integration of Z. mobilis genes for ethanol 
production into the pfl region of an E. coli chromosome. 
The pflu a gene :^; r os central. r r to y r^ndrmal fermentative 
metabolism; ■ catalyzing the cohversiori ^ of pyruvate to 
5 formate plus^acetyi-CoA and providing an essential source 
of acetyl* r "units for biosynthesis. Insertional 
inactivation- of^.this. gene .thus,. represents ^inhibition of 
a competing branch point for the diversion of pyruvate 
aWay e if f om pro^tact±o*Y of : ' e'thahbl "by v" the microorganism. 
10* w a 'Acfctifci : bnal J genetic Impr ovements^are "arso r described which 
eliminate : succinate^ prdaiictfbji^and inactivate the recA 

' * r These ' rebomtihant -bacteria^ r are " useful 1 ^fbr the 
; r ? - manufacture : 6f c reb6mbinari€ r ^ polypeptides as bo^products 
IS - -* --^durahcr 'fe'tfiahologefrSb' f ermentat'rbrf bf^ biomass sugars . As 
^ a' result * oi l ~* lhte^rat^ the' "chrbmosonie, the 

: ~' ^stabi^ity^°of tfte^'eth^^^ trait : is - improved 

s ignif icant ly * s comp^r ed~ i0 - ? to bomparable 1 - plasmid-based 
^systems f or"'tfie v pur poses ; bf industrial-scale^f ermehtation 
2 0 to- r pr od l u c e ' e"tK anof: 10 6 %^ r e t en t i bri ^olf 1 th e ; e t h a n 6 1 genes 
c r: • ^fter- 1 r 68 - ^nentibris 1 : xoip^red a tb ; ohly j - ; 97% with a 
comparable' plasmid-based : cohstrtfct: Also, elimination of 
the" pl r asmid' carrying e^liaHb ^product ioM ; ~ genesT ^al .lows 
in s e r t i oh ' of pi asm ids " f or - pr od ifc ing c o -product s ; 1 w i t h out 
25 interiererice wfth" tfte : - 'eth'ah^S" r pr'bductifeh c ability--;- 
- ' - J. " Biolbgicai 1 deposits: 1 The^'f bllbwing cultures nave 
been deposited with the American Type'Culture 
(ATCC) , 12301 Parklawn brive^ RbcXville, Maryland/- 20852 , 
iL USA". Table i lists the accession -numbers assigned tc the 
30 * cultures by the repository . ,v 
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culture , , - ?ATC c»ri68^84 i — 

- E. toll -(pLOI510 ' JTCC e» 

S - C03 i 1 - Soil - — ATCq tJ 5512S,._ :: ; c 

vJ:^ ^^^^^^^^^ 

conditipns^^ 

.^available ^^m,^^^^^^ 
V- *tion "to one determined by the Commissioner of 
application to one ^ thereto under 37 

Patents.^nd ^ademar^s^to be 0 entifcled there 
- " ' I" " „ Qr C122 The- deposits. are available as 
^ s ■ ■ laws in countries wherein 

required ^by d zPt&S&l lfl^Wor.»..£ " 

. license, . * . —-^ed, by . governmental ,action^ 0 o s 
of , patent rights granted by g _< . be store d 

,. ..Further, the ^^^^f^^ tS ^-^ tne 
• laMe to the public, in -accord with tne 
a „d. ,made available ^ tp a ^he a ,R.,. - ^ Deposit of 

. . „ c n , the Budapest Treaty, .for Li the if peppsi 
,pr«ons of^t^B.,, J? stored, with, all the 

^°° rg ^:^ e ;^. viable a nd contaminated for 

Vfor the furnishing^, a sample of the, deposit (s) , 
.reques^or ^^.^ ^ t le ast .30 (thirty) 
, and, in, any case,, for a ,perio, for the enforceable 

y ear,:after,the.date . 9 f h ^os^ or f- 

, should the depository be unable, furnish 

is r =^Jt. - Te 

. ^ subiect culture deposits will be 
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chromosomal gene, illustrated by the pflgene. The first 
approach entails., the use of a. . derivative of the 
temperature^^ integration vector developed by 

10 Hamilton et al. ..See. Hamilton,. C.„,M., M. A Idea., B. K. 

Washburn,.. P. ^ JiabitzHe,' r and . S._ R., Kushner ■ [1989] J" * 

Bacterid. 171: 4617-22 and.. Example 3 , Infra . ... 

. Thus, as shown in the examples,^ ATCC,.- 11303 was 
transformed ,with_ a temperature-dependent ^replication 
15 r . , plasmid, .pLqi54 3,, f pllowe^.by . teropjeratu 

. _aiid ^epriclment^ f or two, ; hoiRplpggus, r ecombinat ioT^ pvents , 
64-5% of the colonies were sensitive to H chloramphenicol 
_(CmL# c indicating l°ss^ pt. pjasmid. Of t;hese 3> pn-sensitive 
clones, 5 . 9% formed pink.cqlonies ,on i .^ldehyde^ ^test^plates 
20 indicating the presence of Z. mobllis ADHII. Two of 
these clones having retained integrated ethanol- 
production genes but having lost the Cm-resistance gene 
and plasmid were selected for further study and 
designated KOI and K02* 
25 Via a second approach, reflected in Example 4, a Cm- 

resistant transformant was _ .obtained using the 
circularized Sai l fragment from plasmid pLOISlO and was 
designated K03 . In this approach no replicating plasmid 
is introduced into the cell; only the ethanol-production 
30 genes and associated Cm-resistance gene are integrated 
into the chromosome. The K03 clone also formed pink 
colonies identical to KOI and K02 on aldehyde indicator 
plates. Control ATCC 113 03 formed white colonies 
(negative) , while ATCC 11303 (pLOI297) carrying Z. 
35 mobilxs- ethanol genes on a plasmid formed intensely red 
colonies indicating a high level of Z . mobilis gene 
expression. 

Subsequently, isolation of vector from these three 
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recombinants was attempted by the alkaline SDS lysis 
method* No vector was visible in agarose gels of these 
preparations which had been stained' " "with * " ethidium 

bromide,"" These ~ preparations were also "tested in 

- , ,»-x9ri) ©nop npi^oi fc.itoj.'iv n.:, u. n r ; c o-vr/, ; 

5 transformation experiments with TC4 as "the "host with 

selection for Cm resistance. No" trans fb'rmarits were 

'i: riT . *a« : 0- Lia sr;; vtf ^j^fiT^??^ r f • ^n«vv r#:,(*.-.-.-v-, a .v i w*. 

recovered-f urther - confirming: the^aFserice '.: "of vector . 

^ermfentatibn fiy slirains 'Xoi / s Koi^' ' and^KO^r-JTigure 3 
' A and B shows a comparison of ferment at ibhs" By 'strains 
10 l^ IA an£ ATCC 3 ll!^ ^(^01^97) 1 VitS, n Tor n ^iucosW. 
Fermentation by strain KOI was identical to tfiat by K02 
and is not presented. These hew constructs "were very 
inef f^cient '^odureirs ""oif etnarioi^al fiidicSted by the low 
" v - vdSiiSiieti^f a - "' * pf odiict i vi ty ^ 'SSid feth^riol yl%ld'- c fTkb"le 2). 
r X5 " " J ' : ' Wow^g^as -JiMitad 1 "t:o^ie ( ss v< tha^ haXf :; th^t • o£'"AT<bc H303 

e^lTb^^s "^foduced 
af t^r % 72 r hours ? 1 ^Itn'Wu#? ^ta&W' K03° was" s 1 igii € ly "better 
than KOI and 'K02; it' reinaihed r! a v^ry^pbbr producer of 
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Table 2 . Ethanol production from glucose and xylose by recombinant 
strainB of £T. coJi ( ATCC11303 ) '-^ 



Parameter* 10% GlucoBe 

- — " 5 ■rJ!-,'.!pi;oX2 9 7b - KOI - K02 K03 K04 KOS 

-Base— ...... .1.1 . 5*7 6. .3.. 5.5. . 1.3 1.4 

(mmoles/g eugar) 

Ethanol Yield - : 48.8 4.0 4.0 10.4 52-^8 52.8 

(g/liter) : * { , ^ , 

Etnanol Yield^ - - 0.52— ^ 0.05 0.05 - 0.13 0'.56 0.56 

<g/g sugar) * - 



101 10 10 -26 110 110 



(*) 



Vol. Prod. e 1.9 0.3 0.3^ 0. 4- 1 i 5- 1.5 
<g/liter*h) 

-30-h-Ethanol - - - 41.8 3.2 3.2 6.4' 36.0 36.0 

(g/liter) ' : ^ - 

Cell Yield 0 .04iB * .021 .021 . 028 r 0.44 .040 
(g/g sugar) 



Calculations based on total sugar initially added* 
ATCCll r 303 CpLOI297 ) has plaemid-borne_ ethanol genes . 
Vol. Prod. volumetric Productivity = yield/time 
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Table 2 . continued:*; i . 



Parameter^, . V -.'.VT" ^ TO%^ Glucose 



XO10_ KOll KOll _ K012 K04 
( recA ) : ( frdV fird)* Tf roTrecA ) " +Ac* 



Base 1.1... 0.6 0 r :. - ; : ■ 1.1 1-0 

(mrooles/g sugar ) - « \ _f 1 :;• 

Ethanol /Yield v 51^,2- 52.8 38.8 r .< fV :54;-f : c: 54.4 

<g/liter) P p 

Ethanol Yield 0.54. 0.54 0.3?'-- .^-57,,^ 0.57 

<g/g sugar) 

Theoretical Yield f 107, 107 76 . .112 . : 112 

Vol. Prod. 1.8-, ^ 1.7 1.4 .. .1.2 1.6 

<g/liter«h) * '" : '*L V • •.. . 

30-h Ethanol t 38. 0 ; 38.0 29.0 30.4._ 38.5 

(g/ilter) ' ' * ' " ^-.^ vvr- 

Cell Yield .041 .042 .041 -035 .045 

ig/g" feu^axT 

* Ferment at ion c bndu ct ed wit hbut pH coht r o 1'. 

• Suppiemented wit fi 3 ^/l iter" 'sodium acetate (22 mM final 
concentration) . 
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Table 2 . 



continued 



parameter* ; 



8% Xylose 



pLOI297 b K04 KOll(frd) XQ12 ( f rd . recA ) 



( nimble s/g sugaV) ~ 

Ethanoi Yield 
,<g:/Xlter;)^ ; : 

- Ethano!- yield - ' " 

..Theoretical Yield- 

.••is;ir>fr.£y:? -r*.: :? • 
Vol- Prod, 
(g/ liter* h)~< 

30-h Ethanbl - 
(gAiter) jo ... . 

Cell Yield 
(g/g sugar) 



: .1.4 - v:;j 1. 6 1:/ . ; 0..5. va;ii - ; 
36. 0 ! '36-0 41. 6 



0i47 ' 0.47 : '0.53* 



94r. 



94, 



1.0 1.1 



.050 .047- 



104: 



1.3 



30.0 25M6 3014 



.051- 



0.64 
40.8 
0.53 

r ; 103 

1. 1 

-2 6.0 
.048 



Calculations based on total sugar, initially added. 
ATCC11303 (pLOI297) has, plasmid-borne-v ethanpl genes. 
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Large volumes of base were consumed for maintenance of pH 
during* fermentations- hy~ these three- new strains, 
indicating excessive production of acidic f erroefttation 
products. . - - 

and adlxB genes by mutations: The pink phenotype observed 
on —aldehyde indicator ; * plates appeared to ^ ; fiidicate 
insufficient expression of Z, mobilis genes for ethanol 
production • A mutation that causes increased expression 
10 of the integrated genes - in; K02 was obtained, by, . screening 
for dark red phenotype on aldehyde indicatoif plates after 
mutagenesis^ with ethyl methane sulfonate uhdeir standard 
conditions well known in the art. Approximately 200 
plates were analyzed with 200 to 400 colonies- pert plate. 
15 Four dark red clones were.- isolated, the increased^ color 
being indicative of increased expression of ADHIT. One 
of these was designated strain K020. 

Selection for resistance to high levels of 
Cm was used 1 to" enrich f or spont'a^ to 
20 determine whether iutants'"' eiqpressing' antibiotic 
resistance at ' a"' higher level aisd 7 expressed the other 
inserted genes at a higher level. Serial dilutions of an 
overnight culture were plated on Luria agar plates 
containing 2% glucose and 600 /xg/ml of Cm. Large raised 
25 colonies which are indicative of high-level expression of 
Z~ mohxlxs pdc and adhBita genes were observed after 
overnight incubation at a frequency of approximately 1 
per 100,000 plated cells. All of these colonies 
exhibited a dark red phenotype on aldehyde indicator 
30 plates identical to ATCC 11303 (pIiOI297) , the plasmid- 
based construct which is an excellent ethanol producing 
strain. Two mutants were retained for further study, 
strains K04 and K05- The lack of vector in these strains 
was again confirmed by the failure of DNA preparations 
35 from K04 and K05 to transform TC4 during selection for Cm 
resistance and by the absence of vector DNA in agarose 
gels stained with ethidium bromide. 
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Fermentation. by a strains K04, KOS and KO2 0: 

Figure . 3.. C .and . D, illustrate ^the. fermentation^ of 10% 

mutations that enhance expression of integrated e tnanol _ 

. sV^^ica^an^lY /«^*^^ t ^ rt ^" f*" 
; :^ott; f d, vr Growth^ ce^yield, ar^^hano^xeld ^ these 
improved constructs, were ^f% n ^%{^fP%^t^ OS9 of 
10 the plasmid-based construct, ' ' ATp<C 113,03 . f pLOI2.97) . See 
.Table,, 2. : . . .^Ithough, th f 0 rate . o| 5 .eth f noi production as 
indicated, by. yolumejtric . pr^du^i^it^fr^the early 
stages\a^;b y ;thVaev ; a i of, ethanja^ achieved ^after 30 
..hourslvas'; somewhat. slower, than . AT<?C 113Q3 d JpLOI297 ) , 

15 ;:itheo^icai;y^^; w ^ re e^^ r 

. exceeded, l.qo%, basecL on^acided f l^cos,^ phis higher yield 

. " during, sl^we^f ^ e n|5M?^- Ji^^^^ °??"r : ?^^ Sm ° f 
.complex nutrientsTto. P^™te~a£d^^ These 
- "comple^^utrients serjS"^' the^ 

20 for -biosynthesis. Cpn.t^nued den^tr jf icatipn paused an 
increase, in the. pH with Kp4 ,^op and ATCC 113 03 (pLOI297) 
.afi'er...^uga'rA were., exhau^d^ ^. The ^s^ting . rise^ in pH 
provide^ a^cpnyeniclnt method to^tW sugar exhaustion. 

l • The ff ermenta'tio,^ *y' strain K ° 4 

25 and ATCC 11303, (pLp ; I297,) wej:^ a lso ? compared (Fig , 3 E and 
F) . K04 was equivalent to' the plasmid-based strain in 
etbanol:, yield, , although ^he^^^f^thanol production 
was" slightly slower as evidenced . ,by the ethanol level 
af. ter ; 30 .hours. (Table c 2) ^ 

30 . . . . Figure .3 £ .G,. illustrates the fermentation of 

10%. glucose and ,8% xylose by strajn KO2 0 which comprises 
an, induced . mutatipp " : 'that jnhpnces expression of 
integrated ethanol-product ion genes. Fermentation of 
both sugars by this strain carrying an induced mutation 

35 was, essentially the same as for strains K04 and KOS. which 
carry spontaneous, mutations selected by high levels of 
antibiotics. 
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A Effect of added acetate: During anaerobic 
growth," 7 the" pfl U gene ^product has ' been shoWn : to' be the 
pr imary " route "for ' acetate" production ahcf "the" primary 
source of acetyl-CoA for biosynthesis (7,17). 
Insertional inactivation by the ^. mobxlxs ethanol- 
pathway genes may lead to an acetate deficiency for lipid 
synthesis in "deri'vaWves oT^ATCC 11303: ^Supplementation 
with sodium acetate was found to improve the rate of 
ethanol production with a small increase m yield (Fig. 
3 C and D; Table 2) . 

* Expression*" of Z. mobxlxs - enzymes m 



10 



; ' recomS^knt^f colW ^TftS E^efci^c gcti^it^br 2r n moJbilis 
PDC was" ^ measureof ' in French ^reis J extracts b£' selected 
: V ' ^recorobinairt strains f r Pt>C ;c i# a' r^^ely^tl^rabstable 
15 enzyme'" 1 and a^iviBes ' wefe J ieasiW in^iextirkts'' after 
f heat inVctivaef o : n l; oi fc na^fv4 10 ir^ ^olf " i; Sctivi* i'e : ^. which 
" * compiicat e :: '' su^1^irein§n^s f " 'So "activity waV '"detected 
' ^ T ih^lie^^controi'r^ s€raiii /: ATCe c ' : ffaof?* 1 BtftSi ^KOZ^and K03 
' ' : : ? pf olucefr 'iow : SeVe'ls *bf activity; 6: i'u/m^ r p^ed:ffr Ten- 
20 fold Mgner ; acti^it:y Wa6 J ^r¥js"eht in 'ei^rac'€S J of K64 (2. : i" 
U/^g protein) 7 tfie high C^reVistain€' mutants The level 
of Pt)C" in K04 was"aimos€ e^ the leveX produced 

in the piasmid-baseai C cbnWt\ict / YtcC 113 03" (p£oX297) , and 
similar to^tna^ found in°h£€iW^? mobilis (Ingram, L.O* , 
25 and T» ' ConWay * [ 1988] ' Appi*. tnvirbh . Microbiol : 54: 397^- 

Proteih 'extracts from these : strains were also 
examined by SDS-PAGE. ' Numerous changes in proteins were 
observed between ATCC 113 03 and recombinant derivatives 

30 in addition those attributable to Z . mobilis genes. K04 
and ATCC 113 03 (pL0I297j contained higher levels of a 
protein band in the 60 , 000 MW region corresponding to the 
size of PDC than were present in K02 and K03 . This band 
was absent in the ATCC 11303 control. Many endogenous 

35 proteins were f oUnd in the 38,000 MW region where Z. 

mobilis ADHII would be found, obscuring differences in. 
expression. 
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Organic acid production by E. coli ATCC113 03 
constructs: Considerable amounts of base were 'consumed 
by ""itftahoT^ "coTi "during f ermentations 

~ (Table" 2 J ' ifi'Si1:atl"n^" ''"thidr- production of acids as co- 
5 products': ; As^shbvnHn tfafcle- '3 y^high levels of three 
*YcTdsnare"p^ ATCC 113 0'3~ pareritK ahoT by K03 . 

{ Of'i OH , 

Although ATCC 11303 (pLOI297) 
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Table 3 . Production of acidic fermentation products*. 

Recombinant* . Organic Acid <mH) 

- : v Acetic 0 acid ( Lactic, acid . Succinic., acid 

ATCC113Q3* ; ' • : ; - 66 641 - : ~"~7 58 

(None) 

ATCC11303~(pLOI297) 21 32 ' 49 

(plfiBmid-bomeJ 

KOI (integrated, 18 673 62 

no mutation) 

K02 (integrated, 18 602 57 

no mutation) 

K03 (integrated, 69 525 66 

spontaneous ) 

K04 (integrated, 22 29 70 

spontaneous ) 

KO10 (K04, recA) 18 20 73 

KOll (X04, xrtf) 14 32 2 

KOl2 (X04, recA/ frd) 6 40 2 

KO20 (integrated, 4 60 2 

induced) 

* Average of two fermentations with 10% glucose, sampled 

after 72 h. 

b Notes in parentheses indicate status of exogenous ethanol 

genes and related mutations that enhance ethanol 
production. 
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15 



an4.KQ4 -Produced. lower, levels p£ acetic and^lacjac acids, 
r ' r " succ^aW'^duc^.by KO^reiained high.- ' To eliminate 
" " succinate p7odurtTon; "a frd Station was introduced by 

insertion; of: "sZ7m*Zy«lF^M^~: genetic 
5 i^Ss, 'includinr ^s^iii".! 0 ' * tetrac * Cline 

resistance marker of Tn lO, followed by elimination of 
^r^n^r^rTcriSIdr selection, res^lting 0 ln an frd 

deletion due / to rimprecise excision of TnlO. The 

resulting, ^train (K011) .lacke? .fumarate reductase 

10 activity. 

" " ~ . ' L^This^^^inuta^n reduce4 D V^yv level of 
' " succinate prpduped during ^lucpse 3% 

'"' of "acid '^during fer^ation, ^.^^el of acid 
production was still_ sufficient to reduce the P H of 
•ler^^atTon^" run" without~titration and, therefore, to 
reduce ^han^ ; Pf oduct^yi^ £ f r^ gJ^P^e ; (Fig. 4, Table 

2 >cT ; x - " ' ^ owever ^ith .acidliitr^ 

"of - fumarate reductase '^XA. improve, the. . rate ; ^ of ? ethanol 
"production, cell yield/^and. ethanol yield .from xylose 
(Table .2 )V . With titration, volumetric^rpductiyity from 
glucose was also^increased^by ^is mutat ion, although 
e^anor.iield, r^aj^d essentially, the f sam f (Table 2). 

;/"*;;'... ; conoaris^pf *^?^ : 9*^<m? om * lly - 

' integrated, and ; "pia smid-bas ed aene ;S ,..in.. E.. , coli . ATCC 
11303' (PLOI297) , . KP4. and. c KOS. wer*. ,grpwn^ in the Luria 
broth "containing 1P% <w/v>., glucose .wilAput; antibiotic 
selection for up to 68 generations at ; ^QOC, f Cultures 
were V plated on selective and .nonsel.ective !:; plates and on 
aldehyde indicator plates after 48^ and 120 hours to 
determine the'ratio'of ^resistant CFU to total CFU as 
well as" the proportion of ethanol-producing colonies. 
Table 4 shows that the inserted genes of K04 and KOS were 
stably maintained as a chromosomal insertion. 



20 
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r Table 4^ 1 : J Vta^liW " of ^ ^rd^^aily-irit^grate^ genes 
* r ? "SiparSd fr to ^la^i^^d ^dri^s iii E. coli B' 

*ec<^^ traits paction (number 

of generations) ' 

koi " ^ - - " e - rab ; 5)i : " x ' '[ - ioo (68 .5) 

KOS no. ^ ! ^ ; - ^ : ^ ioa : (38 : .7) ' : ? •' 100 (68.7) 

Tc E : . col^B (0>ti97) { -- 100^37^; ^ 97 (67.3) 

^rSfis'fo&fia b 2£ cSlf f i r? W^gr^ r at 30*C in Luria broth 
c^ritaiiVIr^ 10% W^r'glu^ ^thbtit^ antibiotic selection. 

;r^i£tahc^ los1: from 

the plasmid-^ased construct. " 



strains? K04 "and K05 ' in whibh thW ? genes for 
ethanol production have been integrated into ' - the 
chromdsome c are' sup^br n t6 ^he^prlbr construct with 
plasinid pLOi2 97, see J Alterthun, F. ,' arid; l'.CT. ' Ingram 
tl989i APP-i- i/jvirbn/Wicroibiol.- 55: 1943-a948;- in 
^ter^^ 'retehtiSn^ the 1 recbWin^nt trait, ethanol 
product ibfii "Even when* the ~ rate 6f ' piasnid^ lbss- is 
low, as -in ! coli ! s€rSihs carrying P LOI297y strains 
carrying V in l tegr : ated li^gehbu¥ genes°according to the 

present Went i'o"n ^ over 
cbinparabie 7 ^lasinid-based strains ;for the purpose of 
commercial '' ethanol production" which 'involves the 
scaling up of small' cultures to millions of gallons 
of fermentation broth. 

Effeci of irecA mutation: A recA mutation was 
also introduced' into K04 and KOll so that these 
strains could be used : as hosts for recombinant 
plasmids. The resulting strains were designated 
KO10 and K012, respectively. The recA mutation did 
not affect the production of acetic, lactic, or 
succinic acids but did reduce growth and slow 
fermentation (Table 2) in the recA, frd mutant 
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_.(K012),., The basis of. this .effect is unknown, and it 
may r^r^t'.secondM-^ stations , which have been 
created ^during, cpnst^ction. . 

6ene?[. that. <-an" be cbromosomally inserted 
5 according to ; ^W, present invention: The present 

Anv^^^ otner than 

thelspecifdc, ^dh...^nd gc_.gei)^ exemplified herein. 
. ,It.. is, now well, .established ; that, , the enzymes of 

... "glycolysis .exhibit \ great d^l^ of conservation of 
10 , primar*..^^ , for n example, Conway, 

... Sewell V and, fna^m., [198.7.3 , J. Bacterial . 169 : 5653 - 
. 5662 i This, high. ley.el. o conservation enables those 
' sXilled j/ in ' r ..the ;> art . to^ ,. ispl^e;, functionally 
.' equivalent,^ ge.nj^^lly i; r,^lated enzyipes from other 
15 .prganisms.^s'in^gr^iDgry ;inf ormation f rom onapr more 
members, of an. enzyme, family . Indeed ,. just such an 
. approach,, has ... been used successfully, . to clone the 
pyruvate decarbgxylase .gene from maize using the 
current inventors' .information, on .the 3. mobilis pdc 
20 and r ..the, pdc of S.., cereyisia&.. to^desigiv.a DNA,probe. 
See Kelly , E.W> •. ; [.1A*?J*-. p i?M MpJ^ular, Biology 13: 
. 213-222 .: Alternative Strategies, inft entire genes 
as probes can also be used r:2V Thus , 3 f pr purposes of 
.. this, -invent ion, - 2 i.t does, no^ matter if the pyruvate 
25- . .decarboxylase-, activity.*-* P^°Y^ d ?.^a b y -^i gene r f . rom z ' 
rooJbiJis,;as c exemplify or 
.. from genes, which specify, the r saroe enzymatic activity 
. from ; corn (which has been, cloned and v sequenced) , 
yeasts or., . another .organism . Also, in order to 
30 ... practice the .indention, c it does npt .matter if the 
; alcohol r dphydrogeiiase ^act^ity is provided from a 
gene, from a horse, yeast,, human or insect, or from 
another bacterial gene., -Since r expressi on of alcohol 
dehydrogenase : activity, can. be observed directly on 
35 aldehyde indicator, plates, sequence information 
would not necessarily be the best approach to the 
isolation of additional genes encoding proteins 
which exhibit this enzymatic activity. However, 



^P<jt/US9i/08835 



- 34 - 



whether or not se^ehfcW^ ar^e tb ; be used for such 
isolation is no^ : really Critical. Indeed, many 
alcohol d^y^oi^i^^d^BmT^dy in hand and 
well described in "many 'papers : 

" " £ -£r n mojb£ Ill' iq c6n^ai^ ^S^ifces encoding 
functional a^o^ v deh , ydf^ri^W n fen'es. The one 
which : " h¥s* T been ; ^xe^lfr^f^^hef e? adhB, is 
evolutionary related :f ^b u S r; butariol (alcohol) 
dU'hydro^ni'se'' ''from ' "ciSd^^m^^tobutylicum, 
pl^anediol '( alcohol f^b^orlelauc^&^rom Hi coli, 
and ? AI)HIV alcohol' dehydrogenase frofi^iccharonyces . 
Airhave'be^ second Z. 

• j a oBiliy-' i WBne ! -encod ! ing £ a"rcoh&l dehydrogenase, adhA, 
is"l' ^ikc^'Wlc^ recently 
Been <cionW ; a ; nd v se^ This adhA is 

Wcilumnarily ^rela^ 1s tfcf tfae^ typical alcohol 
dehy^ogeHSseW 5 de^cri-bed^ln Animals ; T^ts , and the 
dbm^han^ genfe 'in *yfeasW based upon- comparisons of 
priAary v struetu^ sequences 
wlJicW^e^a^iiiMe'-foir afl?'* c - We^have found that 
this ad£a g£ne° substitutes" guite^ nicely for the 
original ^BSb" g^ne/ ' as'" expette* : - pursuant to the 
present" invention. 

' 'THe ri synthesas -of a protein with pyruvate 
decar'b^la^e^ VctiVity - (pyruvate - converted to 
acetaldeh^ «n be observed 

directly bn ~ 'aldehyde* 'iridicatbr • plates. The 
expression 1 of alcohol dehydrogenase activity can 
also <7 be directly bbserv^ W^al'denyae indicator 
plates. : Therefore , sequence "information would not 
necessarily be "the best approach to locating other 
adh or pdc genes' f " although,' as described above, 
sequence 1 'information from our wbrk' was used recently 
to isolate the corn pdc gene. ThuV; many other pdc 
and adh genes which provide a functional equivalent 
can be isolated ' from other organisms. It is 
entirely predictable that these other genes would be 
suitable replacements for the \ Z. mobi 1 is pdc and adh 
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genes, available ,f or use, and other such genes can be 
identified, either, by use of the current genes as 
probes or, more preferably, by observing activity on 
indicator plates. 
5 More generally, many genes other than 

ethanol-production genes could be incorporated into 
a chromosome and expressed according to the present 
invention.. These include essentially any desired 
polypeptide that can be expressed in a recombinant 
10 host,, for , example , r are genes . encoding insulin , 
growth^ hormones., and cpminercially important enzymes. 

Utility of exemplary bacteria: Certain 
bacteria. and^.other simple^prganisms are capable of 
actiyely^metabol^ substrates, 
15 including,, hexoses,, pentoses, . and ..lactose. This 
characteristic jnafces, E. col 1 an attractive host for 
recombinant .DNA r production , methods. The invention 
described here , c permits the t use of recombinant 
bacterial strains for the, ^economical production of 
20 ethanol.^ from . : a. variety . of b^omass sources, 
particularly, from under-utilized sources of biomass 
such as heroicellulose (comprising xylose, arabinose, 
: and, other sugars) , which, represents- a major portion 
. f of wood, , and inedible . ( plant parts , and whey 
25 (lactose),.. Also, . organisms w i th special 

capabilities, such as production of extracellular 
enzymes for the degradation of complex polymers, can 
be converted to ethanol producers according to the 
, ,. . present invention. . 

30, Thus, .one aspect , of the, .present invention 

provides an improved organism for the production of 
ethanol. An E . coll cell, has been transformed such 
that Z. mobilis genes, coding for adh and pdc have 
been incorporated into the host chromosome. In the 

35 past, ethanol-production capability has been 
conferred on E. coli by transformation with a 
plasmid comprising the two genes needed for ethanol 
production. The success of these previous 



transformations resulted ^rbmthW Very high levels 
of the ethanoi-prbducihg enzymes which were made 
from 'multiple copies of the genesV typically, 3 0 to 
3 00 copies per cell. 
" r T^ie""" 1 initial Icons trucks described' here in 
' which ' single c copies : ' x o:?~ ^pSlF " ahd u * 'adh genes were 
infc^rkti^ b ^ provided 
'insufficient 'Ievels~ l "of PDC ' anci " ADH to divert 
"metabolism tx> etlianbl' 'arid 'duplicate' the level of 

* ^funct idnality * provided J by multiple copies of these 
genes bri a r jplasmid J l ' SuBs^qiiehtlyV spontaneous or 

* induced mutat'iSns' described 'above produced cells 
which * siinuitaAeously iricreased' 4xpi?ession of all 
ch2r6mo^omaily-irit£^^ including that for 
chlo^ai^he^c^^ and those 
for' ADH and PDC. ' fliese mutants produce high; levels 
of etlianbl-pr bductibn enzymes ' and are thus 
ftimcti^naiiy equivalent ' to "' previous bacteria 
cohVaihing ^mul lh the case of 
spontaneous mutations in '"a strain carrying a Cm- 
resistance mai-Xeir ; gene n as well as ethanol genes, the 

V^Wiilt ' ' whereby' increased 7 ' expressioh of the Cm- 
resistance gene alsb ihdicated^increased expression 
of the ethanol-related enzymes is particularly 
surprising 1 because the Cm-resistance gene can 
include its own promoter and can even be downstream 
from a transcription terminator of an adhB gene. 

Another aspect of this invention concerns the 
use of the recombinant ethariol-producing bacteria 
for the efficient" production of recombinant 
prbteins ; that is, the recombinant cells can be 
further transformed with genes coding for useful 
proteins. These additional genes can also be 
incorporated into a chromosome, or they can be 
plasmid-borne . Indeed , since high-level expression 
of the integrated ( in this example , ethanol- 
production) genes, in accordance with the present 
invention, obviates the need for a plasmid to carry 
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- them, recombinant cells of the present invention are 

particularly^ receive^ and maintain 

, ., r additional on a piasmid. An 

additional mutation, such as a recA mutation, that 
. 5 r.ecqi^i^atio)i . will enhance the 

.environmental safety of t such hosts. in the context of 
Recombinant, protein production. 

It should be noted that the accumulation of 
organic ...acids ( . from sugar, ^metabolism is generally 
10 . regarded ..as ..a ..consequence of fermentation, durino 
. r ^nagrobfc^.gp[.PWth,. A , But appreciable guantities of 
acetate a^e^ 4 generally produced . by E r coll even 
during . .i;apid agitation under aerobic conditions. 
The_production of ac^tf^te # ,is rs prqqressive from the 
15 /.earliest stages .of growth, and is not limited, to the 
later.,! s f t ages when cell density is high. This acid 
. production, , ^ .from glucose : , ^ eyen under aerobic 
condit ions n sexvej? to „ limit_ growth., in, ( broth and on 
. solid medium, as r deinonstrated w by the increased final 
20 -cell.^de^s^ty. ?; in , ^edj^B ; sugpljamented .with phosphate 
buffer , . 

: ^ r ,The 7 conversion of., a, ^ host organism to 
ethanolic, fermentation., .can. .be. .used . to enhance the 
productipn^ v pf a r variety ...of ^recomb^inant products. 
25- : The :v ^aintenance : .of v function^ t in ^^these^ products is 
related to the f pH, of . .the broth during, growth in 
-dense ^culture #rv .. The... extent of this^acidif'ication per 
unit: of cell r protein is minimized, by the production 
of ethanol. ^rather than of organic, acids. Oxygen 
,30 transfer is . frequently ..a ma j or limitation during the 
growth .of dense cultures of microorganisms, and it 
is this limitation which results in acid. production 
and. pH : drift ^pf the .growth medium. In recombinants 
producing, ethanol as a fermentation product, the 
35... ethanologenic enzymes ^ divert part r of .the pyruvate 
from glycolysis .to acetaldehyde and reoxidize NADH 
to produce, ethanol, a less damaging product of 
metabolism. Strains containing both functional 
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respiratory 1 chaiiis' for oxidative^ phosphorylation and 
- e tnanoi-pr6dijctfon ; feWzy^es c¥h^ be ;^vm to even 
h%her cell densilles ? because" 'of thie" operation of 
both ;-"sys€e»s di^g thW ' r^rie^ation- *c ! f NAD + and a 
riduc£fbtf Yh 1 c &°fiffc wa^te 1 ^rodu^ctsV rtr Such inherent 
'ilSkgft&y *'* reWftsT ^'itf * ie'^s- "stririgent process- 
control .re^/reme^s;':^' well" as; increased yields of 
recombinant products. 

; ;i ' ' 1 r ^he El ethWSf^pf oducihg ^bacterial strains of 
k X0 :! ^^^vent^^^air'^hus * *su> c erYoF' v hosts for 
■ ' ' ; ' £rod\icWo*r^ rec^ anaerobic 
" conditions ' Vith Winateal ac r i^ production. Many 
" recombinant^ proteins contain "cysteine ' 'or disulfide 
"bridges, ^ land' pr 6p^r f olding or re4ctions^ of these is 
15- ■ ' W Essentia 5 ! = feature - to form' the - active enzyme ■. 
'■ - s&ce 5 f ormatibrt df "disulf ide bonds - J fSP promoted by 
oxygen, f synthesis " of such 1 pro^irts iifiiier anaerobic 
■'condition improper 
' r f-oidinV prior to 1 •■■■ r ^Sl^d« ; -'--ahd l, -fofaing under 
^0 ' cdntroliea cbndi greater 

recovery of biologically active product. 
.. Fr 0m the foregoing itf 3 "should be readily 

- ^apparent 1 to' one' skilled- xn^ the art that' the ability 
" - conrerred fr "by the J present irivehtibriv- ,r to transform 
25 genes ^coding ~f d F a protein : br an entire metabolic 
-pathway onto a chromosome i is extremely useful. 
• Envisioned " in this regard/ for example, is the 

application of the'present" invention to a variety of 
situation's where genes from different genetic loci 
30 aire placed on a chromdsome" The placement of genes 
coding for ethanol production is only ? biie example of 
-this novel inventive concept. Pursuant to the 
principles described here, genes coding for alcohol 
dehydrogenase activity from a variety of organisms 
35 can be combined with genes coding for the pyruvate 
decarboxylase activity from a variety of organisms 
in order to create the desired pathway. Genes 
coding for proteins needed for other pathways could 
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also be incorporated chromosomally. It should also 
be apparent to one skilled in the art that, for the 
ethanolic pathway described here, it is not 

necessary that^ the * genes', coding for alcohol 

. < .• c -j <a ■ ii t v; : . .^s* £*7-5»V<sc') £-8 ft a DiiSc^i. 

5 dehydrogenase and pyruvate decarboxylase activities 

be under common control". 

The present invention is further described 

< D*;^ , l i-B£"2.Ss6i vmoo AV4G ao ^/^^t.^m:; 
below with^ regard to" the following illustrative 

10 examples. . ' \, 

EXAMPLE 1. Construction of integration p lasmids 
■'■■ rili ' noi;: containing J£ z . c cdiI { i Lir t)vruvate formate- 
" o~;t r-i-rr j ^, 7r-. lyase*- gene, r r ^ .-■ f ^ Dnirli.;ar3i 

15r ^ ; * *tv;^ . i The..;f pllowingvma^ were used 

throughout ^theicpresent ^examples;: 7 unless otherwise 
:oi : stated^ ::?r:.^i- -1 col iLnT.etei was reused for all genetic 
.constructions. ^^See;- Conway-, a x.i>s:.X'-A-i Osman, J.I* 
- Konnan # i '-E.M^r- Hoffman?,; and^ jL wOw: - Ingram [1987] J". 
2 Or : &5ci:eri:o£::.'... 169 : ? 9j4 9~9t54'. . Luria broth containing the 
; appropriate ;; s elective -jantifeic^-tic •"and^.the indicated 
concentxaftionsi'M-Qf glucQS& i^as c used in all growth 
; - r, experiments* e . Antibiotics; werjy^psjed; JLn, the following 
f inal"':concentrations:f;exeepti: ( as v noted: ampicillin, 
25 50. Ag/ml; chloramphenicol , (Cm 20:- Mg/ml or 600 
/ig/mly ^asn vindicated; ^tetracycline; 12 i 5 txg/ml. ADH 
^ - indicator plates containing;;thei Schif f reagent were 
used : to- detecfciraldehyde i produced from ethanol by 
recombinant^ z - mobills . 

30 Conway, Tw,: G.W. Sewell> Y.A;.i Dsinan, and l^O. Ingram 
[1987] J. Ba cterloJAL ; 16 9 : 2591-2597. ; 

if Standard procedures,^ were-; , used, for plasmid 
preparation.,-. restriction;;: enzyme . digestions, 
r ligations:, transformations and gel electrophoresis . 
35 Isolation of restriction-^ ragments f or subsequent 
cloning was accompanied : by elution from GTG agarose 
(FMC BioProducts,: ME| using Microf ilterf uge tubes 
(Rainin Instrument Co.). 



The procedure used for construction of 
integration, plasmids containing an J5. coli pyruvate 
f orinate-lyase' gene (pfl ) is shown in Figure 1. 
Plaarfd pmlf'l'iSawers et al. [ 1988']', 'supra) carrying 
an incomplete pyruvate f bfinate-Iyase (pfl) gene of 
E* coll was partially digested with fearoH I , the 5 1 - 
protruding^ends were filled in with the Klenow 
fragnment of DBA polymerase I," and the fragments were 
rejoined by ^i'igating to "a SAli" linker (dCGTCGACG) - 
Those in which the Baiu HI site outside the pfl gene 
was replaced by a Sai l site were identified by 
; screening of - indiyidual transf ormants. The 
resulting plasmid>UpIiOX513 , contained two Sai l sites 
which^ allow^ ^removaix vof the ^ pfl portion J of the 
plasmid> "from^^the*. restcof^i the plasmidv 

v ' ^ chloramphenicol resistance' marker gene was 
excised* as aWvr; 37-)^^^ the plasmid 

cloning vector; pBR325v See Prentki} P. , F. Karch, 
S . Xidav and J. Meyer [1981] Gene 14:^289-299. This 
Hha l fragment :vas treated with Klenow polymerase to 
fill- protruding ends and ligated' into the Klenow- 
treated 'B^tmT site-' downstream^from - the adhB gene in 
PBOI295, ^seemngramr' LvO: ; ; T. - Conway, D.P. Clark, 
G.Wi Sewell, and ? JVE . Preton [19870 Appl . Environ. 
Microbiol. 53: 2420-2425, in the same orientation of 
those of pdc and adhB -genes to ; generate pl.01515. 
Plasmid ■- pLOI515 was then digested: with Sai l and 
partially digested with EcoRI, and, after a Klenow 
polymerization to generate blunt ends, ligated with 
Bam HI linker: (dCCGGATCCGG) The ligation mixture 
was" : separated^ on a GTG agarose gel. The fragment 
carrying- promoter^ less pdc and adhB genes and the Cm r 
gene (with promoter) was isolated and digested with 
BamH I. The BamH I fragment in which EcoRI and Sai l 
sites were regenerated on each end of the original 
EcpRI-Sall fragment; was cloned in to the BamH I site 
in the polyl inker of pLOI505 generated by removing 
Sai l site from pUC19 (available from Bethesda 



Research Laboratories) . 0 -The ; S^X^ site^upstream from 

the. Cm 1 gene in,pLOI506 r vas removed ^by digestion with 
. Sai l,, L falling with . ^l«ipw ^polymerase and 

reldgatipn to. gener^ta ;; p^I508 : ,-The. 4 . 6-kb BamHI 
„ fragment^of^pLQISps yas ; inaerted_int;o ;r the BamHI site 
..in r . the r incomplete* 0 pfl strucUra^ gejie carried on 

plasmid OLOI513.J The { . resultapt^plasmid pLOI510 was 
^used to^ ^introduce^ the _pdc.,^ ^a&foB^^ ; j^J?^ genes into 
^jthjB^chromospme of d E. coli . strain B,-(ATCC 11303) by 

homologous .xecp^inat^ion as .deseri^edr below ,( Example 

.EXAMPLE 2 . . Construction- of integrat ion plasmjds 
' " containing £ . coli pyruvate for mate- 

• :oj j-nsc -Ivas¥'aene^artd t^elmperature-sensitive for 

; -_, ..... : - Plasmid. replication r f _.,_. ~ UOl i c.i. 

^^^ & o vjUr Pla^id s p^I295^>^s ^digef tecj^^ith EcoRI and 
Sai l ^ r and the * 2-kb ££o^-£alX* * fragment carrying 
pdc and ^ a^B>;genes^was ri tr qateoV; wit^ Klenow fragment 
of DNArv^polymerase^ to produce j blpnj^, v ends . This 
.bluntrended" fragment vas ; - ^ig^ted^ into^the Klenow- 
.treated BamHI^ -site of pL01513 ;: carrying the 
incomplete pll gene^;in the_saroe orientation with 
»^ s Eect : to. : tran^crif^iqn .to^ ; give .pLPI^ 2 - pLOI542 
was « then, : digested c ^with . Sai l ^.and rthe-^7 . 2-kb Sail 
fragment : was. ; ligate& to, Sail ; site. in. the poly linker 
of r pMAK705 , see. Hamilton,. C.M, ; , M^ . Aldea, B.K. 
,Washburn r:: P. Babi.tzke/ L and S. R- Kushner [1989) J . 
Bacterid. 171: 4 617-4 622, containing the 
temper a tur e - § en s i t i, ye ; rep 1 i c on and 0 Ogl j9ene (Figure 
2 ) ;S- ;n The- ^resultant 3 was introduced 

into the 'E~^£bJ^£l -chromosome by homologous 
recombination (see Example 3 below) . 

EXAMPLE 3. Chromosomal in tegration in E. coli & of 
Z . mobilis vdc and adhB genes with loss 
of an associated^ antibiotic resistance 

gene . ; • 

The recombinant plasmid pLOI543, which 
replicates at 3000, but not at 44 °C, was used to 



• transform^ E'. ^coli B ^wHh i: the Cir^gene to give it 
: ' resistance" to^^chldre^phenic'ol^" Transformed cells 
v were q£d&tt v *t. in^lOO^l liuria broth containing 

f * 2S^g/3^ e c^i^&pli i eia^' aft& 5* ! Cw/v> glucose for 24 
'Koi&g't&^f&te f(Sr J inte^rStWof * tfie^plasmid into 
^ tteSU&tiSl? T^MfdH^mi miy of -this culture 
.^^^ltiSS^'aiid^-O.l-.^i^i H:he ^diluted cell 
^spm S ^Va S --usM^^ I iHoHilate- itiO^ml of Luria 
-b^otlf ^ Vontaining -*5%° ^^fgiucfise without 

12 hours to allow excision. Two or more cycles of 
growth were carried out by diluting a portion (0.1 

''hwir"cJx^^fefe f ^fei^^to inoculate Luria broth 

- cbnt&inxng- 1 ^ ^wyv^giudose aftaV^ incubated at 44 °C to 
1 eliminate. S^iaimxa . ^Finally/ single ^colonies were 

isolated- by s plating £ seraalUdllutions Sf^the culture 
-ontlv^uria-atar^pl^tes-eon^^^^^ fa/v) glucose 

- ari^-growingf tliem^'at 30*6™ Slngle^coIShles appearing 

the plates were screeneda^br ethlaribl-production 
gene's br 'using' aldehyde indicator- plates and for 
ibss-of -plasmfd ^^iVsftiWVxhlofainphenicol. 
Two - clones Vere ^ected^whi/ch" were -sensitive to 
chloramphem^^ 

gene's, strains : K6i ; Snd K02 . These' clones produced 
pihJC^colonies 6rt fe aldehyde 4 indicator- plates . 

-ti§i - • ■ ••■ 

EXAMPLE 4 . ^yom6%d ^ :-ih^aratibn ! in E. coIi B of 
EXAMPLE +. g . mr , h ,-jj s pte and oenes with 

r > ^i-PTitibh of an ass o rts ated antibiotic 

fssistance- 'gene - 
Plasmid pXcJlSioswas digested with Sail and 
the 8.6-kb Sai l segment containing an incomplete pfl 
gene was circularized^ by"self -ligation at a low DNA 
concentration :ThW ; ^bVaiehtly closed DNA fragment 
lacked sequences allowing autonomous replication. 
E. coli B was transformed with the ligation mixtures 
by selection for resistance to 20 /ig/ml 
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chloramphenicol. Expression of adhB gene in 
chloramphenicol resistant trarisf ormants was 
confirmed by plating' colonies "from chloramphenicol 
^ . plates to ADH indicator plates. A single clone was 
5 selected for further characterization, designated 
strain K03 . The lack of plasmid-borne gene for adh 

or for chloramphenicol resistance" was confirmed by 

• J •' • A : > l ? " • "■- r 1 - - 1 i-ir \ P u v. ? u o i;* n £ ssoo u i. p * & p n j: n x & 7 n o o 

the lack of transf ormants from DNA preparations and 

by direct analysis on agarose gels. This clone 

io produced pink colonies on aldehyde indicator plates. 

EXAMPLE 5. Generation and detection of mutations 

J : -> v '* ' - th v a t ;; ih crelas e u v e xpr e ssibiv r of Z . mobi lis 

pdc and - adhB^ genes in; the absence of a 
15 selectable marker gene 

^ ^ , In Example 3, chromosomal integration in E • 

coii B of Zm mohilis pdc and adhB genes was carried 

out under conditions that resulted in loss of the 

antibiotic resistance gene that was associated with 

20 . those ethapol genes on the DNA segment used to 

transform the host cell. Strain K02, resulting from 

the procedure of Example 3, was mutagenized with 

. ;* .... y J ;< : -> 

methyl methane sulfonate under standard conditions 

..' ^.^--jHD n - .1'-- .. :.c--o ^ .*,.' 

well known in the art of bacterial genetics. 

25 Suryxving mutagenized cells (about 4 - 8 x 10 4 ) were 

. _ plated on aldehyde ; indi cator plates, at approximately 

2 00 to 400 colonies per plate. Four dark red clones 

_ indicative „ pf .^increased, „ ApHII expression were 

isolated .and tested for ethanol production as 

30 described in Example 8 below. Of these mutants, the 

>«/'■"-■ jVith the highest yield in ethanol production was 

; - des ignated^ as strain . ,^p2 0 . , 

EXAMPLE, 6 . Selection for mutations that increase 
35 " expression of mobilis vdc and adhB 

genes ' -bv selection for increased 
expression of an associated antibiotic 
resistance Qehe : J 

~ In Exampiie" 4 1 , chromosomal integration in E. 

4 0 coii B of Z. mobilis pdc and adhB genes was carried 
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out under conditions that ^ r esuited in retention of 
"the antibiotiiT r^stancW ge^^that'was associated 
' iitto'those' ethanof "g^e^ oh theDNA segment used to 
? ' " ' * teansf oot tiie 1 - host °cefi;. series "of dilutions of 
; ' ? T ''''^a^ ^Sir 6 wliicl S ^^ fSSPUff procedure of 
^T^ffea^ cin^£u|ii fc agar plates 

^■'•-'-W£^^ f ^ %ter overnight 

L " ' inc^ation^'' 5 at a° fr^gue^cy of"" approximately 1 per 
: ^IcT ft ' ? 1 ggj ou^piliSd^ceffil^&se f fargrS'§i§nies produced 
ethanol and tested bright red on alcohol indicator 
' Ipt^^r^^tii^^i^ investigated further, 

c ' r..'7^h * s^ad»fe~K©4&anadSC05 tn h. . ?*■<-: 

15 EXAMPLE' f.' Tniertion ^ : ^cA'and frd mutations 
. ,- * t ^^'^at;ion "in V '"coll ' strain JC10240 

' : was transferred slrain^ ? ^>4 ; U W KOS by 

conjugation vl^ select ion for resistance to both Cm 
c and" tetracycline (Nearby Thl 0) . Cc£ihheritance of 

20 "the recA pHenotiype "was 'co^irme^ by increased UV 

sensitivity- . . 

An ' coli ' fifr ; strain capable of mobilizing 
the frd BuUti6n^ was conkruct^ "by transducing the 
frd deletiori ' mutation from bwii ' [2id::Tnl0, 

25 l(frdia))1 "?ilto"sttaW^82 ni witt : selection for 
TniO. See Blaut , Mi , '' K ." Whittacker , A. Valdovinos, 
B.A.C. Ackrell^R-P- Gunsalus arid G; Cecchini [1989] 
jj Bioi; 'c?Wi r 264: '13599-1^604 . frd mutants were 
identified among the tetifacycline-resistant 

30 transductants by loss of fumarate reductase 
activity. The resulting Hfr strain, SE1706, was 
used to conjugate the frd deletion into strain K04 . 
r--- :! Tnio wa^ deleted frdm constructs by selection 

on a modified fusaric acid medium. See, e.g., 

35 Maloy, S.R. , and i^p^Nunn [1981] J. Bacteriology 
145: 1110-1112. This" medium contained per liter: 
15 g agar, 5 g tryptone, 5 g yeast extract, 20 g 
glucose, 10 g NaCl, 50 mg chlortetracycline, 10 g 
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NaH 2 P0 0 . 12 mg fusaric acid, and 10 sfl4 ZnCl 2 . Stocks 
^ " V _^of r ..chlortetra^ fusaric acid 

H (1 ' mq/ml h were r , p^pared r 'jn 7 0% _ { ethanol • Complex 
medium 1 components "containing chlortetracycline, 
5, ^ sodium., phosphate and _zinc chloride were autoclaved 
separately and^ixed aft^ in 
70%. ethajipl. are ^lf-sUriliz^^ Fot selection of 
' TnlO lossT "serial dilutions "of _'log" phase cultures 
were spread^on, fusaric^ acid plates and incubated 
10 ^ py^io^t 'at V°q.. ^sult^ng colon^e^ were streaked 

~'^' r . *c^i^atig^ plateS and 

A tested for the loss of ttt^cy^i^e resistance. 
Three strains, were^ constructed KO10 [recA) , KOll 
. .and^^p!2 (£ecA, M} r v . _ 

<:^c^nr.i'*V. 'io ■. m ■:.->:'!-E *'.' &rw . bios * :' 

EXMiPI-E s. Characterization of ethanol gen© 

carr'ieci' out: ' in V :&ria ^ K ^r^h ^ su^emented with 10% 
20 ; (w^v) glucose^or^^iw/vrWl^e^ (500-ml, 
" : l*istfe^ containing 
3 50 ml of 5 "the medium " weire equipped with a pH 
•-'^yf^^ port through 

=- - --^sg^ model 

W* 1 3 6tY ; pH 1 cori€tbliy^°( Whatman 7 tab Salves, Hillsboro, 
jv:v ^" 'bftj was^used to maihtairTa pH of 6-0 by the addition 
of base ; (2 ; N KOH) . : B^tch fermentations were carried 
outT r In' C du^icate at 3 T 0«C V and were stirred 
co^fcinuous^ bar 
30 (100~rpm) / ? ' 

: : ° ; ' ' n ' inocuik were ;) growri' overniglit at 30*6 from 
isolated colonies in unsha&efi f la^ks^ Fermentations 
''"were" * '" inoculated'""*' to ah initial O.D. 550ttll of 
' approximately 1.0 (33 0" mg dry weight of 
3 5 ceils/ liter) .'" 

* - tell growth was mdhi toted' turbidimetrically 
at 550 nm using a Bausch ahd Lomb Spectronic 70 
spectrophotometer. Ethanol was measured by gas- 
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li^uU c^omatography ai described, for example, by 
DombekTS-'V and £;o. : Ifigtat [1986] Appl . 2?nv±ron . 
''■'tM. 1 ilirWoo 9 .' ,! " Viiy for conversion 
" efficiency ^ere^orr^e'd^for flbrmfeation volume 
^^^r Wk and c assumed 

%at :: ail ^ar £ initlllly metabolized. 
^Voiume^Ic^-W^ specific 
|rod^ct£vitfW : 'wci J 4 : IS?!matM C ^ntr the early 
? st^^f f ermen%a^ ( g \o ! W Hou3?sf and represent 
^ v »a^fi£^ VaBSfs 1 . 1 r#&ki£tt8fr®€£ r ;ia tables and 

' ' ] iH figured re^f gsfent' ave^a^e's^f rbm 'twb; or more batch 



35 



fermentations . 

; * kZ*£yi:i? r °t volatile ad* nbn-volatile acids 
in the cultiiier Samples" vWe' rembved for organic 
15 acid analyses after 72 hours of fermentation. 

gas-iiguia ^^^SmMm^ Gow - Mac series 580 

gas chromatograph ..(Cow-Mac, , Instrument Company , 
Brldgewater , Nji .connected; ;to . V ^ewlett-P.acXard 
20 3390A .intj^rator, :/ , Npnyolatile ; acids were converted 
to methyl esters prior to analysis. ( 

! Soaiu^r.aodecy.1 sulfate polvacxylamide gel 
electrophoresis. (SDS-PAGE) T Cells^were grown for 24 
hour^ under;;^ the fermentation 

25 experiments ,^ chilled to ,. P'C, harvested by 
centrifugatipn (7 ,000 x g ; , ,10 minutes) , t washed twice 
withal/3 volume of 5 mM sodium phosphate buffer (pH 
6 ; 5), 'containing. 10 mM 2-mercaptoethanol , and stored 
frozen 'at '-20^. Cell pellets were ^suspended in 
30 an equal volume of buff er and broken by two passages 
through a French I pressure cell at 20,000 psi. 
Membranes were" removed'; by centr if ugation for 90 
minutes at 100,000 x q". The supernatants were 
separated with a Biorad . Mini-Protein II 
electrophoresis unit (Biorad Laboratories, Richmond, 
CA) using an 8% acrylamide denaturing sodium dodecyl 
sulfate gel. Protein was measured with the Bradford 
reagent. See Bradford, M.M. [1979] Mol. Gen. Genet. 
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181: 548-551. Approximately 20 „g of protein was 
loaded into each lane. "' " nv 

• ; [i 8i , ^^,«t^tj: PDC activity was measured 

an heat-treated ..French press extracts as described, 
^.v^^^^$^rS f J.I. Konnan, 
"o^.M, f§^^ r ^ B ^0 4 ^Jn W em_ [19B7J j. Bacterial. 
H^o 9 iio¥S^af^.^.fw« used to inactivate 
•^v-..,^ c e^?IIS9 6 s ^v| ^eniy-es,;; which complicate 
measurements of PDC in recombinant E. coli. 

- ^us: understood r that the examples and 

- , B ^^^rf%W^^..^^.^ for illustrative 
n,.mm^ s ^^'^r^s modifications or 

^,,cv,ch § n Wc?v in t . l^ght ..lAerW^wii,! be suggested to 

- .P^^^Uled^n thwart ,£nd are to be included 
>:^hin^^spir4^.a^(| ;j puryiew .of this application 

^ l he r:§?gl?f , St a PRended. claims . 
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What is claimed is: 



' ' i. 'a recomfiiriant host cell comprising a 

chromosome comprisea or 

: ■■ .■ - .A.V ^ ^| w ?^erolc^ous : DNA' 'segment under 

; 'txm^Sk^^l a ^^y^ promoter which 
1 ' ; 'is entogendi^^ wherein said- 

' DNA segment encodes a ^deiiflS polypeptide; 

and 

- (b) * a mutation" that causes increased 
" expres^^^ DNA segment, 

' requiting" n in ^fficreased ^Jprb'dSction by said 
host celT of saiff polypeptide compared to 
' ^c^uctlon'bf 'said" pd3^^i^ C by said host 
" celfr i^thi'^bsihce^df ^^id^iiitation, wherein 
* ^ : ;: W^i^ lSictMseS ; ' : eipris^ion"is retained in the 
absence of conditions that select for cells 
having said increased expression. 

2. A recombinant host cell according to 
claim 1, wherein said cell is a microbial cell. 

3. A recombinant host cell according to 
claim l, wherein said heterologous DNA segment 
encodes a plurality of genes. 

4. A recombinant host cell according to 
claim 3, wherein said plurality of genes comprises 
a selectable marker gene. 

5. A recombinant host cell according to 
claim 4, wherein expression of said selectable 
marker gene confers antibiotic resistance upon said 
cell. 

6. A recombinant host cell according to 
claim 5, wherein expression of said marker gene 
confers chloramphenicol resistance upon said cell. 



PCT/US91/08835 

; . WO,92^1Q561 ,,; ;fii VM . K yv 

- 4 9 - 



7. A recombinant host cell according to 
* claim 2r^^n;?^cefl is"4n enteric bacterium. 

"" I'I'^'a recoBEbinan^ 5 host 5 3 cS$ r : according to 
claim 7, wherein said enteric bacterium is selected 
from" a "stra/n "of Iswfnia* chryianthemi , Escherichia 
coii f or XJelJsieJIa pneumoniae 

9 ;^ re A recombllfan^ according to 

claim 7 f wherein said enteric bacterium is a strain 
of .Escherichia coli . 

'ibT"'~A~ recombinant "hostf' cell ' according to 
claim 1, wherein said heterologous DNA segment is 
under transcriptional control of a strong endogenous 
promoter. - . 

'"' '"ii!. J A recomtfinant'host" ceil according to 
claim ., 10, , wherein s?id prorooter is a pyruvate 
formate-lyase (~pVi) promoter. 

.12.' A recombinant host cell according to 
claim l/' wherein said heterologous DNA segment 
encodes ' an ' alcohol " dehydrogenase and a pyruvate 
decarboxylase. 

""'13T ^ J A . 'recombinant host cell according to 
claim 12V wherein said . alcohol dehydrogenase and 
said pyruvate decarboxylase' 'are encoded by genes 
f r om Zympmpnas mobili s . 

14. A recombinant host cell according to 
claim ."'.13 ^"^rein. said cell is able to produce 

ethanol or *y lose with a 

theoreticairyield corresponding to conversion of at 
least about 100% of added sugar to ethanol . 
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15 A recombinant host cell according to 
claim 12, wherein said chromosome further comprises 
a mutation that ijnpairs succinate production. 

' ' 16 ' A recombinant host cell according to 
clai^ IS /: wherein ; , ^aid. ; Ration that impairs 
succinate production comprises a mutation m a 
fumarate reductase (xrd) gene. 

: '"" i 7 ^"recombinant '^ost ceil According to 
claim 1, wherein sai* chromosome^urther comprises 
a mutation that impairs recombination in said host 
pell. . '„ . •, •.. •. . , - 

• is A recombinant host cell According to 

claim 17, wherein said mutatioiii that impairs 
recombination comprises a mutation in a recA gene. 

• is." A cell strain that is the product of a 
process comprising the steps of t 

(a) providing a culture comprised of 
host cells comprising a chromosome that 

: encodes a ' promoted endogenous to said host 
cells" and a host ^gene uncier transcriptional 
control of said promoter; 

(b) transforming host cells in said 
culture witli a heterologous DNA segment 
comprising 

(i) a plurality of genes including 
a selectable marker gene and a gene 
encoding a desired polypeptide, and 

(ii) sequences that are 
sufficiently homologous to said host 
gene and properly located in said 
heterologous DNA segment to enable 
integration into said host gene of said 
plurality of genes encoded by said 
heterologous DNA segment by means of 
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homologous recombination; 

(c) selecting for host cells in said 
culture, or progeny thereof, that express 
said selectable marker gene at a first level; 

(d{ " screening host cferfs selected in 
step (c) , or progeny thereof, to obtain host 

cells that produce said desired polypeptide 

aaoD ^ . * i :. t? i i+v & ^-i-> < r ;; *■ - .7 e b r: r* 
at an initial .level; 

(,e) ' optionally " expbslrig"' host cells 

1 t i u d o ' *' . ~v -v * i'L ; * 1 & v • c- f 1 ^ it e "i p rs3n - 
identified in step (d) , or progeny thereof, 

•rno u;-^ .to i*n^p rrsor- of.j-is Ojh 
to a mutagen under conditions such that 

mutations are created in said chromosome; and 
then 



Br; ? "I I .b-o .toon 



(f ) testing host cells produced xn step 
— fd) or step (e) , or progeny thereof, for nost 

cells that produce said desired protexn at a 
level higher, than said initial level, to 
obtain, . host , cells . having a ^mutation that 
r causes ^ increased expressio^n of said 
heterologous ... ( PNA . segment resulting in an 
increase in" production by said host cells of 
said desired polypeptide compared to saxd 

said, : .,hG ? | ; 5^11s, :; ;n the ; absence of said 
~ . . . . ,mu£a£io^ expression 
is retained in the absence of conditions that 

■ • "VSnr-. ■". ■ :ip ■ -■ ; ;j 3.-.-- . i fpiftn i :-i pi 

^ select ,for^ cells paying pafd increased 
expression. . 

20. A cell strain according to claim 19, 

wherein further 

(i) in step (b) said heterologous DNA 
segment further comprises a plasmid, wherein 
said plasmid comprises a replicon that is 
temperature-sensitive for replication; 

(ii) in step (b) said transforming host 
cells further comprises introducing said 
heterologous DNA segment into said host cells 
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and growing said host cells under conditions 
that select for cells that express said 

selectable marker gene at said first level 

: '*.■•■• o^r.^9b i5 c £ .= f:V^r:boic: "t f i r > : L alia- ^ . ^ 

and at a temperature that does not permit 

replication of said plasmid, resulting in 

pifXJsonx.^ y.." .;. .'-.no.:: Jco t'.*v 
integration of said heterologous DNA segment 

into * said hbst gene * of" "saidchromosome by 

homologous recombination; and 

(iii) step tc) saicJ selecting for 

host cells further comprises * growing said 

host cells "that "express said selectable 

marker gene at said first level under 

conditions that do not select for cells that 

express saicT select able barker T gene, wherein 

"said host^ '^ceiis are" C; grown 11 Hinder said 

conditions" at a ^ that does 

' permit replication of saxd piasmid, resulting 

in excision 3 from "said 1 host gene of said 

" seilectabi^ "and 1 of * said plasmid, 

" ' : ^hd' ! v^i^i^Tuftlier t±en *s^i1d: ! iib^t cells are 

grown' under said J condit ions 1 at a second 

temperature 1 that 'does "'not permit" replication 

of said plasmid, resulting in host cells that 

retain said gene encoding said desired 

polypeptide in the absence of said selectable 

marker gene and said plasmid. 
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w , ...... ?l. ? a cell strain according to claim 19. 

wherrein further 

; 7 ., :: . /a ,J[,fJ step (b) /said heterologous DNA 

segment . comprises a closed' '^circular DNA 
lacking an ability to replicate, and 
; . fii)_in step (f) said testing host cells 
; comprises selecting for host cells produced 

Jr ^ in n^§; ^n°^- SteJ ? te ^/^^k gen y thereof, 

, .tha^ express ; said. select able'' marker gene at 

.... L r , a second, that is level higher than said first 
level, and theii, ; screening^ said host cells 
that express said selectable marker gene at 
e^.id seeped leyeJL for host cells that produce 
w i desired protein at a level higher than 

said initial level... ., 

.y.-^^r ^ :j s1 r?*j airv according to claim 19, 

w * le *?.4-* 1 ? said, host .cell .strain is, a microbial cell 
strain. 

? 3 • A strain according to claim 19, wherein 
saiol selectable marker protein confers resistance to 
chloramphenicol on said host cell strain. 

, - v ?4- ; A cel * st:ra4n according to claim 19, 
wherein said first level f of , expression of said 
selectable marker gene confers resistance to at 
leas t about, 20 n /ig/ml of ^chloramphenicol 

' .?,v?; 5 - c ^f: 1 ^^ain^accordingr to claim 22, 
wherein said first level of expression of said 
?w 1 ^5T?^^^:■^. ma f i , ?^ r 9©ne confers resistance to at 
, l? a ?£; 2 R 3f Pf chlo ^ ai nP^ T5i col and said 

secondlevel of expression of said selectable marker 
protein confers resistance to at . least about 100 
fig/ml of chloramphenicol. 



26. A cell strain according to claim 19, 
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wherein ' said ' ' selectable marker gene is under the 
transcriptional control Sf^a promoter located in 
said ^heterologous DNA segment downstream of said 
gene encoding said desired polypeptide. 

""27." A clell strain according to claim 26, 
' wherein ~s4icl heterblogoui^" DNA segment further 
'comprises a transcription 1 terminator, said 
transcription teraiiiatbr being 1 located between said 
*gen«P en^dirig^ 1 slid 7 n dteslr f e5r "polypeptide and said 

28V A cell st£kiri' According to claim 19, 
wherein said r " iiost D ^ce£l r strain is an enteric 
bacterial strain". ' " ' " ' ^ * 1 ' J - " 

r 2a; A b^ll strain according to claim 19, 
whe^eiii said enterir bacterial strain" is a strain of 
Escherichia coli. 

30. A dell strain according to claim 19, 
"whereih^sald^p^fiihoV^^lfe ^ 'strong promoter . 



31. A cell strain according to claim 30, 
wherein ' sai<3 prbmoter is a pyruvate f ormate-lyase 
{pfl ) promoter ' 

r 32V A cell strain according 'to claim 19, 
wherein said heterologous DNA segment encodes an 
alcohol d^shydrbgen^ke arid an pyruvate decarboxylase. 

33. A cell v istrairi according ~ to claim 32, 
wherein said alcohol dehydrogenase and -said pyruvate 
decarboxylase are encoded by genes from Zymomonas 
mobilis . 



34. A cell strain according to claim 33, 
wherein said strain is able to produce ethanol by 
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fermentation of glucose or xylose with a theoretical 
. yield ^prresppnding to conversion of at least about 
lQP-V of added sugar to ethanol. 

^ 35. ..^ A cell strain according to claim 32, 
wherein said .chromosome further comprises a mutation 
that- impairs succinate production. 

, : . 36. ; A. cell strain according to claim 35, 
wherein ..sai^ mutation that, impairs succinate 
production cpmpris.es a mutation in a fumarate 
reductase (frd) ,gene. 

; ^pc c -37 . ;: A pell .strain - according to claim 19, 
wherein, said. .chrpmosope f urther, comprises a mutation 

in said host cell strain. 

. 38. A., cell strain according to claim 37, 
wherein. ,,,sai.cL mutation r that impairs recombination 
. comprises L a : mutation in a recA gene. 

39. A process for prpd^jcing a recombinant 
host -iCelly strain, .that produces high levels of a 
^ desired pQlypeptide, comppising_ the steps of: 

(a) providing a culture comprised of 
host- cells; comprising . a chromosome that 
encodes,, -a promoter endogenous to said host 
cells ,and ,a host gene under transcriptional 
control, of said prompter; 

(b) . transforming _host cells in said 
culture with a heterologous DNA segment 
comprising 

(i) a plurality of genes including 
a seleptable marker gene and a gene 
encoding said desired polypeptide, and 

(ii) sequences that are 
sufficiently homologous to said .host 
gene and. properly located in said 
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heterologous DNA 'segment to enable 
integration 'intb said host gene of said 
plurality ^df geries ^hcbded by said 
heterologous DNA segment by means of 
homo 1 6 gdu s r ec ombi na t i on ; 
(c) L feeiefctihg bar : hb^t^ r bells in said 
culture, 0 or p^og^ny 1 thereof ; r that express 
said selectable marker gene at a first level; 

J (d) scireeinirig host cells selected in 
step (c) / 6r 'progeny thereof ? to obtain host 
cells that pi^dur^ r saicl' dfesirecf polypeptide 
at an initial ^ level ; * ■ 7: — ^ 

(e) optionally exposing host cells 
identified in step (d) , or progeny thereof, 
to ; a mutlgen such that 
mtitatiorib are* treated in said chromosome ; and 
then 

(f) testing host cells produced in step 
(d) or iste^^te) r br progeny tBereof , for host 
cells that prbdu be said defeired protein at a 
level higher than said initial level, to 
obtain host 'ciells having a mutation that 
ca\i£ie£ ihbrea^^d express iton*- 1 of said 

° ' heterologous DNA c segmerit ^resulting in an 

increase in production by said host cells of 
said desired" polypeptide compared to said 
product ic5n ° df } said desired polypeptide by 
said host cells r in the absence of said 
mutation'/ wherein said increased expression 
is retained in the absence of conditions that 
select for cells having said increased 
expression. 

4 0. The process according to claim 39, 
wherein further 

(i) in step (b) said heterologous DNA 
segment further comprises a plasmid, wherein 
said plasmid comprises a replicon that is 
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(iii) in step (c) said selecting for 
host cells further comprises growing said 
host cells that express said selectable 
marker gene at said first level under 
conditions that do not select for cells that 
egress said selectable marker gene, wherein 
said host cells are grown under said 
conditions at a first temperature that does 

... : OO..f:-;r-,:,.; : c,:i.. - 7;" r v, 

permit replication of said plasmid, resulting 
in excision from said host gene of said 
selectable marker gene and of said plasmid, 
and wherein further then said host cells are 

grown under said conditions at a second 

. . --.--2 nah jlCT; ranan:f ... . r z- ■, 

temperature, that does not permit replication 
- of said,jplasmid, resulting in host cells that 
retain said gene encoding said desired 
polypeptide in the absence of said selectable 
marker .gene and said plasmid. 

.,.,., .41. A process according to claim 39, wherein 
further r . . 

(i) in step (b) said heterologous DNA 
segment comprises a closed circular DNA 
lacking^ an ability to replicate, and 

(ii) in. step {fj said testing host cells 
comprises ^selecting for host cells produced 
ins)tep ( .. (d) ? or . step (e) , or progeny thereof, 
that express^ said selectable marker gene at 
a second that is level higher than said first 
level, and then screening said host cells 
that, express said selectable marker gene at 
said seconcL level for host cells that produce 
said desired protein at a level higher than 
said initial level. 

42. A recombinant host cell strain according 
to claim 39, wherein said host cell strain is a 
microbial host cell strain. 



43. A process according to claim 39, wherein 
said selectable "marker protein confers resistance to 
chloramphenicol on said host cell strain. 

44. A process according to claim 43, wherein 
said first level of "egression of said selectable 

"__ marker gene ^confers resistance to at least about 20 
/ig/ml. of chloramphenicol. 

45. A process according to claim 43, wherein 
said first level of e^ression^ of said selectable 
marker gene confers resistance to at least about 20 
/xg/inl of chioramphenicoi arid said second level of 
expression of saicl 1 sel^ctabie'ialrker protein confers 
resistance "t<5 at lekst ^abbiat 100 pg/nl of 
chiorampheriicol^"" 

46. ' A firocess according' to claim 39, wherein 
said selectable marker gene is under the 
transcriptional ^coritrbr of a promoter located in 
said heterologous DNA segment downstream of said 
g<erie encoding said desired polypeptide, 

'47. * 1 process according to claim 46, wherein 
said fieterologbus TDNA^ segment further comprises a 
transcription terminator, said transcription 
terminator beiricj" located between said gene encoding 
said desired piol^peptijcle arid said selectable marker 
gene. 

48. A process according to claim 39, wherein 
said host cell strain is an enteric bacterial 
strain. 

49. A process according to claim 39, wherein 
said enteric host cell strain is a strain of 
Escherichia coll. 
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■ 50 Np . A process according to claim 39, wherein 
said promoter is_ a strong promoter. 

51. A. process according to claim 50, wherein 
said promoter is a pyruvate f ormate-lyase (pfl) 
* promoter . _ . ^ r ^ 

„ _ 52. A process, according to claim 39, wherein 
said heterologous^ , DNA segment encodes an alcohol 
dehydrogenase and an pyruvate decarboxylase. 

^ ; -53. A process according to claim 51, wherein 
said . ^alcohol ^ _ dehydrogenase and said pyruvate 
decarboxylase are encoded by . genes from Zymomonas 
mobllis. 



,. r 54.. A process, according to claim 53. wherein 
said strain , is, ^able, ^ to produce ethanol by 
fermentation, of. glucose or xylose with a theoretical 
yield corresponding to conversion of at least about 
100?; of added , sugar Jto ethanol . 



.55 .A process. according to claim 51, wherein 
iromosome further comr 
impairs succinate production. 



said . chromosome _ further ^comorises a mutation that 



., . . : 5.6. . A process according to claim 55, wherein 
said mutation .that impairs succinate production 
comprises, a, mutation in a fumarate reductase (fjrd) 
gene. 

57. A process according to claim 39, wherein 
said chromosome further comprises a mutation that 
impairs recombination in said host cell strain. 



58. A process according to claim 57, wherein 
said mutation that impairs recombination comprises 
a mutation in a recA gene. 
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59. The recombinant 1 host. strain of 
Escherichia 6oli % (pLOI510) represented a deposit 
with the American Type Culture Collection designated 
as deposit number ATCC 684 84. 

60. The recombinant * 'host * v strain of 
Escherichia coli (pLOI54 3) represented by a deposit 
witii tfie idnerlcan'T]^ designated 
as deposit' nimbler ATCC '68485V 

61. The recombinant host strain, according 
to r claim 19 \ ^oi 'Esc%erichia coli K04 represented by 

1 "a"deposft wl€h tfie 'Amer icari *T^e* 'Culture Collection 
designated as deposit number" 'AT&r'35X2V. 

62. The recombinant host strain, according 
to claim ±§ , of ir^cherichia coli KOll represented by 
a deposit ' with the J American Tyjpe~ Culture Collection 
designated 3 as 1 <fep63it "nuiib^r ; ATCC 515124 . 

63 1 1 The" recbmbinant' host Strain, according 
to claim 19, of JETschericfcia coli K012 represented by 
a deposit with the A Americaii Type Culture Collection 
designated as deposit n\mber°ATCC l 55125. 

64. The recombinant host strain, according 
to claim 19V of E£ch&rihlii£ coli KO20 represented by 
a deposit with the' American' Type Culture Collection 
designated as deposit htunber ATCC 55126 . 
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AMENDED CLAIMS 

i : [received by. . the. International :Bareau\ionr.23- May 1992 ( 23 . 05 . 92 ) ; 
. original claims 2,1 ,22 ^and.42 c^n<3ed;_ new .claims 6^-66^ added; 
remairLlhg claims fenum6ere3 v as "cTaihis l-6'Cr('I3T pages)] 

1. A recombinant host cell comprising a chromosome 

~. - comprised-; -of or ;■: 1 •/ ~ sor: jr.£nictao r »:r' a . h 

><a) ~a>.-. Jieterolpgpus n£; DNA . £ ^egine^t;^ r; t:hat is 
integrated into a host.-, gene £ .whicfe. r ^i& under 
transcriptional control of a strong promoter, 
o wherein- 7 said ^host o: gene, and said promoter are 
endogenous to- said- ho&t ^cell a^ ; .wherein : said DNA 

- , lTi segment a §ipgodes .a de_sire&^ol^ 

; v (b);„ -.r ^ :; a>;;;.mutatipn a ,. y that , causes v .,iricreased 
expression _ of., said, r. ? h e t e r o 1 og ops ^ DNA, segment, 
resulting in increased production- v^yvsai^host cell 
of said polypeptide compared to production of said 
polypeptide by; ^ of said 

s ; mutation,; _ wherein .said, ^.increased ^ expression is 

retained in the absence T :Of ■ \Qpndi : t^pn% :: tha^- select 
for cells having said increased expression. 

2 . , • A- recombinant L host - ceil according- to. .claim 1, 
wherein - :• said, heterologous , DNA : sjegment, L comprises a 
plurality of genes. 

, 3,^- A / re c omb,inanti , host cell- according; to. .claim 2, 

: wherein- said plurality of genes,:, comprises a selectable 
marker gene . 

- . 4. A recombinant .host cell : ;,according to claim 3, 
wherein expression, of said selectable marker gene confers 
antibiotic resistance -upon said cell. 

.5. A recombinant host cell according to claim 4, 
wherein expression • of said .^marker , gene , confers 
chloramphenicol resistance upon said cell. 

6. A recombinant host cell according to claim 1, 
wherein said cell is an enteric bacterial host cell. 
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7; ; A- recombinant ihost; cell: according; to claim 6, 
wherexnisa^ is selected from 

the group consisting of Erwxnda chrysanthemi , Escherichia 
coll and Klebsiella, pneumoniae. 

8. A recombinant host cell according^ to" claim 7 , 
wherein— Said™ ent eriS: -bacterial host cell is an 
Escherichia cdli cel'I-V* 1 •• " : ' : - : : ■-* 

; -9 r S A 1 recombinant 1 host ' : cell -according^ to claim 1, 
Wherein ^ ~ sa!ift helfercrlbgoiis DNA s^egrnerit" 7 - is under 
trans crip tioiiar contarb^ 6f an 'endogenous promoter of a 
gene that*' is e3^ressed : ' at 1 substantially the level at 
which'the pyruvate f brmate-lyas£ (pfl) gene- is expressed 
in said hbst v beir^" " • • r -" 

ib. ; A recombinant ^ host ; cell according to claim 9, 
whereiii" said ' • promo ter * is a promoter "of : a pyruvate 
1 f ofinate^^lyasie^ (pfl) : gefie^.' ^ : 

11. A recombinant host cell according to claim 1, 
wherein^ said heterologous ; DNA ; Segment encodes an al cohol 
dehydf ogeinase T and "a - pyruvat'e 1 decarboxylase . 



12. A recombinant host cell according to claim 11, 
wherein-- ' sai'd al cohol dehydrogenase and said pyruvate 
decarboxylase are" encoded by genes from Zymomonas 
mobills. 



13. ' A recombinant host cell according to claim 12, 
wherein said cell is an Escherichia coll cell, said 
promoter is a promoter of the pyruvate f ormate-lyase 
(pfl) gene, and said cell is able to produce ethanol by 
fermentation of glucose or xylose- with a theoretical 
yield corresponding to conversion of at least about 100% 
of added sugar to ethanol. 
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1.4. A recombinant host cell according to claim 13 , 
wherein said, chromosome 'further comprises a mutation that 
impairs succinate production. 

15. A recombinant '"host" "cell according to claim 14 , 
wherein said muta'tion that Impairs succinate production 
comprises a mutat ion in a f limarat e "reductase ( frd) gene . 

16. A recombinant host "cell according to claim 8, 
wherein said chromosome further comprises a mutation that 
impairs, re combination in said host cell. 

"'£^ a recoitiinant 1 host ceil according to claim 16, 
wherein said mutation that impairs" recombination 
comprises a mutation in a recA gene. 

18 . A /recombinant' host cell strain that is the 
product of a process con^risincj the steps of: 

(a) providing a culture comprised of host 
cells comprising a chromosome that encodes a strong 
promoter endogenous to said host cells and a host 
gene under transcriptional control of said promoter ; 

(b) ^transforming host cells in said culture 
with a DNA molecule comprising 

(i) a heterologous DNA segment comprising 
a plurality of genes including a selectable 
marker gene and a "gene encoding a desired 
polypeptide, and 

(ii) . sequences that flank said 
heterologous DNA segment and are homologous to 
said host gene, 

whereby integration into said host gene of said 
heterologous DNA segment results by means of 
homologous recombination ; 

(c) selecting for host cells produced in step 
(b) that express said selectable marker gene at a 
first level ; 
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{dj screening host cells obtained in step (c) 
to obtain host cells that produce said " desired 
polypeptide at an initial level; 

<e) optionally, exposing host cells identified 
in step (d) to a mutagen under conditions such that 
mutations are created in said chromosome / and then 

(f) testing host cells produced in step id ) or 
step (e) for host cells that produce said desired 
protein at a level higher than said initial level, 
to obtain host cells having a mutation tliaf causes 
increased expression of said heterologous DNA 
segment^ resulting in an increase in production by 
said' host cells of said desil^d* polypeptide compared 
to said production of said desired polypeptide by 
said host cells m the absence of said mutation, 
wherein said increased expression is retained in the 

absence of conditions that select for cells having 

•: : '\v.'^ e stir ^nzRzyr^c:^ -;• -•■ - ..- : '; • ; , : 
said increased expression. 



19- A strain according to claim 18, wherein said 
strain is . a strain of Escherichia colx and wherein 
further — - -•■ 

(i) in step (b) said DNA molecule is a 

plasmid, wherein said plasmid comprises a replicon 

■■vr--...- j:;:-v:t:^£.. n^oool-'^^r / ' . 

that is temperature -sensitive for replication; 
■ r :^:n-^oi-. £iv^n^- ru. \ .- j. i-nr - 

(ii) m step (b) said transforming host cells 

further comprises introducing said plasmid into said 
host cells and growing said" host cells under 
conditions that select "for cells that express said 
selectable marker £eiie at said first level and at a 
temperature that does not permit replication of said 
plasmid, resulting in integration of said plasmid 
into said host gene of said chromosome by homologous 
recombination; and 

(iii) in step (c) said selecting for host 
cells further comprises 

(1) growing said host cells that express 

said selectable marker gene at said first level 
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..... under, .concjitions^.th^t. dp, not select for cells 
-that- jexpre^s . ,sa^ gene, 
wherein said host cells r are ..^grown . uncter said 
conditions, at r a ? first.,, temperature, tliat does 
permits replication .of >; . v said ^lasmid^ resulting 
in^-excisipn.. from., said., host. gene, of said 
selectable marker gene and of said plasmid, and 
^ . .. j wherein further. , . .,. . , t . . 

- , (2).^_said host... cells iV are. r grpwn„ under said 
: conditions atr a i; ,secpnd OJ .t does 
, s:?r o'- P 6 ? 111 ^ ^ r ?Pi^ cat ^95 ^ : of r , w said- ^plasmid, 

resulting in host cells that retain_said gene 
encoding said desired polypeptide in the 
^P-Sence:, of said selectable, marjcer gene and said 

. ?CU: A. s trra irt, a cpor d i ng, f t o~. c l|i ilitu 1 8 #: wherein, further 

(i) : in r stepxib), said 
circular DNA lacking an ability to replicate, and 

^ ^(iij... in. step r , (f ) .said ; te^ting^hpst^. cells comprises 
selecting for host cells .prpduc?d,in stgp (d) or step (e) 
that express said selectable marker gene at a second that 
is r higher thaji : said, fir st. r leveX c ^and, .then screening said 
■ ■:ft95t^ v ce,lis that .express, said s^JLect^le. : marker gene at 
said : second.:.. leveJ for ho5t, =cells that produce, said 
desired protein at a level higher than said initial 

leVel • 

21. A strain according to claim 18, wherein said 
.selectable r marker protein . . confers resistance to 
chloramphenicol on said host strain. 

2 2 ■ , ■ A strain according to ^claim 21 , wherein said 
first level of expression of said selectable marker gene 
confers resistance to at least about 20 pg/ml of 
chl orampheni col 
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: 1 23 A straiir accbirdiiig to" claiiri'21, wherein said 
first -fiver "df ^^ressfdrf/of ^Wd? ; selec table marker gene 
cdiifer^'rekistl^ :? at" lteafet :r eLbout' 20 /ig/ml of 

cHldVai^hi&i'coI" and *sa±d second- r l¥vei of expression of 
said seiect^l^ :i iMrke r r prdteii Gohfefs" resistance to at 
l^ast'abbut-i'OO pg/M: o^chlofah^lfefff col; 

24. A strain according 3 1 to claim r l^, wherein said 
seiectafile :: marfeef J genr ;v Is tindir' : the transcriptional 
L control bf-a-'promofeeiE^^Iocatea^- ifi n %ki<f' 5; Keterologous DNA 
-^fe^enfc j Bora^ said desired 

' : pbi^eptid'^. - J h ; - " 

••• 251' A-straiii 1 : kccbrd±ng : to c 1 aiiim r 2 4 L , _ where in said 
heterologous DNA segment furtlier r - "comprises a 
transcription terminator, said transcription terminator 
bezri^ "Yd'cat ed s befcfceeri 0 : kkfcf -gene c ehcodfths* said desired 
poiype^ide^ marker " gene . 

- ^ 26; A strain - according 51 " to clafimP 18/ wherein said 
host cells are ' enteiric^b^ cells , : r - --* v — --- 

7 27/ A ¥tii^£ir^cdo^ claxm n 2 6, Wherein- said 

enteric b^ctfe^^l hoist 'cells ' "are 1 Erwinia chxysanthemi , 
• Escherichia cbli : or Kleh^iella pneumoniae - 

28. A strain according to claim 27, wherein said 
enteric bacterial host cells are Escherichia coll cells. 

29. A strain according to claim 18 , wherein said 
promoter is an endogenous promoter of a gerie that is 
expressed at substantially the level at which the 
pyruvate f ormate-lyase {pfl} gene is expressed in said 
host cell. * 

30. A strain according to claim 29 wherein said 
promoter is a promoter of a pyruvate formate- lyase (pfl) 
gene . 
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.^a 31 3.:.;£- st ^ ai ^.^5 L co ^ i 59r^:^P-,.^^? in ^- A?U wherein said 
. ; i?^ e o°*£ 9Q u s .-S£S™en t encodes an alcohol dehydrogenase 
and a. pypv^te ^decarboxylase . 

-■ ii-w: 3 ^;:-.^ claim 31, wherein said 

s ; a id , Pyruvate decarboxylase are 
.encoded by genes, from Zymomonas mobllis. 

f / 33 :": A 9 S" in accprding to claim 32, wherein said 
f s ^5 ?&&$£i-F$P3 coJi ..strain,, ^said promoter is a 
promoter of the pyruvate f grroatq- lyase r Jpfl) gene, and 
^i^^-^-fJl^n^M a^le.tc^ produce ethanol by, f ermentation of 
,9luppse r{ OT 3fylpf <=l wit;h, a . r theoMjeical . yield corresponding 
to conversion of at 1. e^st ^o.ut, ( pf . added sugar to 

34. A strain according to claim 28 wherein said 
■.5*£P^F™^. ; f urther comprises a mutation that impairs 
j3pccinate production.. 

. 35 * ^ - str ?.f n -according .tjp.^claiin , 34 , wherein said 
■■^^^^9IhP^^~;r^P^^% sggginate production comprises a 
^?^ i ??^:?-Pc^--^V^ 3 r^?-® rec ?y c t^se (frd) .gene.. 

v : ; a ::: Mr A. strain according to claim 28, wherein said 
chrpniospnie fy^the^. ..cqrgp^iaes a, mutation that impairs 
: ^ecombin^t:ion .in said, host strain. 

- : 3 :^-; ; A :^ ta 3 : %?? according to claim 3 6 ,,. ^ wherein said 
^ : comprises a mutation 

- din recA. gene. : . 

. A :P r ? c ^? s . ? 9 r producing, a ..recombinant host cell 
strain . . .. that produces high, levels of a desired 
polypeptide, comprising ..the steps of: 

(a) providing a culture comprised of host 
cells comprising a chromosome that encodes a strong 
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promoter ^endogenous? ' to ^aicT' host cells" and a host 
• gene undex^ ^saCid L "jp ; f 'danoter ; 

(b) - transf ctt^hg 
with a DNA molecule comprising 
: (i) tf* ' he%fei?6Td^ 
:l I' £>Itff £lity b W i g^^^ificludx3dg^ a selectable 
narfcte^lge^ 
polypeptide, and 

' (ii) se^u^ncres that ; flank said 
h^tercKotfoiis r DNA s4§ment L ahd a : re ^homologous to 
"•" ^baid hosf J geS^; v * 3 * : ' " : v ' ' 
whereby : irite^kti\3tf :: i^td"" said' host 'gene - df ' said 
heterblbgpus DNHT : s egiheiit results " by 1 ' miekns of 
homologous^ recombinatio^; 

(c) selecting for host cells produceitf : in step 
(b) that express said selectable marker gene at a 
first level; ' - 

(d) 1 ; ^creeiiixftjf : 'host ;r: beli s n bbfcaineld^ : 'xir A ep (c) 
to obtain host cells that 1 prb&Scfe saicf desired 
polypeptide at an initial level; 

"(e)* optionally exposing host cells identified 
in step (d)°tb a mutageii under- conditions- siich that 
mutations ''aire created ; 'in "bkid 5 chromosome; j: a&d :T then 

(f ) testing host cells produced in step (d) or 
step (e) for host cills that produce said desired 
protein at a level g'hei: than, said iiiitial : level, 
to obtain host cells having "'k imitation ^that causes 
increased expression of said heterologous DNA 
segment resulting iiv an increase' in production by 
said host cells of said desired polypeptide compared 
to said production of said desired polypeptide by 
said host cells in the absence of said mutation, 
wherein said increased expression is retained in the 
absence of conditions that select fdr cells having 
said increased expression. 



WO 92/10561 



PCT/US91/08835 



39 . The process according to claim 38 , wherein said 
strain is a strain^ of ^Escherichia cpii and wherein 

f urther . . _ . : . ^ ; . / ., : ..~ . H _ r . ... . ' . ^ ; . 

(i) in step <b) said " ~DNA molecule is a 
plasmid, wherein said plasmid comprises a replicon 
that is temperature- sensitive f for replication; 

(ii) in step (b) said transforming host cells 
further comprises introducing said plasmid into said 

host cells/" and growing said host cells under 

• . -3 d j bo n r.- x £ e u a xtt e s o £ n b a " r; n s * . i^v^ 

condition^. t^a^.^s,|Blf for, ^^f^^^^^ 33 said 
selectable marker,, gene aj: said, first level and at a 
temperature, that., does not -germit replication of said 
plasmid, resulting in integration of said plasmid 
intp sadd host gene.,pf ; said chrornosome by homologous 
, f recqiribinat;ion; r/ and .. , ...... , . ^ : 

(iii) .la.., step_(c) ,s^id selecting for host 
cells further comprises 

J 1 ) growing, - said host cells that express 
said ; seleptabl^ 

under, conditions that do not select for cells 
that ^ express said selectable ^ irarker gene, 
wherein said host cells are grown under said 
conditions at a first temperature that does 
permit .replication of said. plasmid, resulting 
in„ . excisipn , from said t hpst gene^ of said 
selectable marker gene and of said plasmid, and 
. wherein, further 

(2) /said host cells are grown, under said 
conditions at a second temperature that does 
not permit., replication of said .plasmid, 
resulting in., host cells thcLt retain said gene 
encoding said desired, polypeptide in the 
absence of said selectable marker gene and said 
plasmid. 
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40 . A process according to claim 3 8', * wherein further 
(i) in step "(b) said 'DNS ^molecule comprfses a 
closed circular JDNA lacking an ability to replicate, 
and 

(xi) xn step' (f T saxd: testxng host cells 
comprises selectxng for host cells produced in step 
(cl) or step (e) ■* that express said selectable marker 
gene at a second that' "is : higher"" than said first 
level/ and " ttien "screening * ' said" " host e cells that 
express said "selectable" marker gene' at~ saxd second 
level 1 f or" "htSst'"" cells 1 " 'th'ktT "■prodti^*"'* J 6k*id' desired 
protein at a "level J iixgSfer^' than' s'aid" 'xiioTtfi^i level. 

£1. A process according" to claim 36, whirein said 
selectable marker protein bonf £r£ ~^ resistance to 
chloramphenicol on said" host 'strain. ' ~ 

42. A process according to "claim 41, wherein said 
first level' of '"express xoh^ of ^ said Select4file marker gene 
confers resistance*' to r atT' ' least ab6Ut ~ 20 jzg/ml of 
' chloramphenicol J ~~ - ^ 

"43 . "A ""process according to claim ^1', wherein said 
first level" of^e^ressioh bif said 'selectable marker gene 
confers ' resi's tahce 1 'to atT least about' "20 jig/ml of 
chloramphenicol arid said second level of' expression of 
said selectable marker protein confers resistance to at 
least about 100 jug/ml of chloramphenicol . 



44. A process according to claim 38/ wherein said 
selectable marker gene is 'under the transcriptional 
control of a promoter "iocated" in said ; heterologous DNA 
segment downstreain of said gene encoding said desired 
polypeptide. 



45. A process according to claim 44, wherein said 
heterologous DNA segment further comprises a 
transcription terminator, said transcription terminator 
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being located between said gene encoding said desired 
polypeptide and said selectable marker gene. 

46. A process according to claim 38, wherein said 
host cells are enteric bacterial cells. 

47. A process according to claim 46, wherein said 
enteric bacterial cells are Erwinia chrysanthemi , 
Escherichia coll or Klebsiella pneumoniae cells. 

48. A process according to claim 46, wherein said 
host cells are Escherichia coli cells. 

49. A process according to claim 38 wherein said 
promoter is an endogenous promoter of a gene that is 
expressed at substantially the level at which the 
pyruvate formate -lyase (pfl) gene is expressed in said 
host cell . 

50. A process according to claim 49, wherein said 
promoter is a pyruvate formate- lyase {pfl) promoter. 

51. A process according to claim 38, wherein said 
heterologous DNA segment encodes an alcohol dehydrogenase 
and an pyruvate decarboxylase. 

52. A process according to claim 51, wherein said 
alcohol dehydrogenase and said pyruvate decarboxylase are 
encoded by genes from Zymomonas mohilis . 

53. A process according to claim 52, wherein said 
strain is an Escherichia coli strain, said promoter is a 
promoter of the pyruvate formate -lyase (pfl) gene, and 
said strain is able to produce ethanol by fermentation of 
glucose or xylose with a theoretical yield corresponding 
to conversion of at least about 100% of added sugar to 
ethanol . 
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54. A process according to claim 48, wherein said 
chromosome further comprises a mutation that impairs 
succinate production. 

55. A process according to claim 54, wherein said 
mutation that impairs succinate production comprises a 
mutation in a fumarate reductase (frd) gene. 

56. A process according to claim 48, wherein said 
chromosome further comprises a mutation that impairs 
recombination in said host strain. 

57. A process according to claim 56, wherein said 
mutation that impairs recombination comprises a mutation 
in a recA gene. 

58. The recombinant host strain of Escherichia cold 
(pLOISlO) represented by a deposit with the American Type 
Culture Collection designated as deposit number ATCC 
68484. 

59. The recombinant host strain of Escherichia coli 
(pL0I543) represented by a deposit with the American Type 
Culture Collection designated as deposit number ATCC 
68485. 

60. The recombinant host strain, according to claim 
18, of Escherichia coli K04 represented by a deposit with 
the American Type Culture Collection designated as 
deposit number ATCC 55123 . 

61. The recombinant host strain, according to claim 
18, of Escherichia coli K011 represented by a deposit 
with the American Type Culture Collection designated as 
deposit number ATCC 55124. 

62. The recombinant host strain, according to claim 
18, of Escherichia coli K012 represented by a deposit 
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with the American Type Culture Collection designated as 
deposit number ATCC 55125. 

63. The recombinant host strain, according to claim 
18, of Escherichia coli KO20 represented by a deposit 
with the American Type Culture Collection designated as 
deposit number ATCC 55126. 

64. A recombinant host cell according to claim 12 , 
wherein said promoter is a promoter of a pyruvate 
formate -lyase (pfl) gene and said cell is able to produce 
ethanol by fermentation of glucose or xylose with a 
theoretical yield corresponding to conversion of at least 
about 90% of added sugar to ethanol. 

65. A strain according to claim 32, wherein said 
promoter is a promoter of a pyruvate formate -lyase (pfl) 
gene and said cell is able to produce ethanol by 
fermentation of glucose or xylose with a theoretical 
yield corresponding to conversion of at least about 90* 
of added sugar to ethanol. 

66. A process according to claim 51, wherein said 
promoter is a promoter of a pyruvate formate- lyase (pfl) 
gene and said cell is able to produce ethanol by 
fermentation of glucose or xylose with a theoretical 
yield corresponding to conversion of at least about 90% 
of added sugar to ethanol. 
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